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Abstract
The gain stability of Thick Gaseous Electron Multipliers (ThGEMs) and a novel struc-
ture coined gaseous gap electron multiplier (GGEM) was investigated. It was found there was a
rising signal over a period of several hours to days which depends on the electric field strength
and is only stopped by removing the element from the chamber. Whilst it cannot solely be due
to charging of rims as suggested in literature as there is none for GGEMs it could also possibly
be due to charging of other dielectric in the chamber.
Copper, magnesium and zinc oxide were investigated as possible air-stable ultra-violet (UV)
photocathodes. The copper used was from the surface of the printed circuit board (PCB) used in
the fabrication of ThGEMs and the copper foil used to make the GGEMs. Magnesium and zinc
oxide films were grown via thermal deposition in vacuum, by changing the oxidation methods
used when growing the films we are able to get some basic qualitative comparison on how the
oxide state effects its properties as a photocathode. Both MgO and ZnO were found to be re-
markably stable in air, despite an initial change, they settled to an ambient work function (WF)
which was found to change very little for very long periods, such as several months to a year.
Mechanically polishing the copper surface with Brasso was found to increase the signal and
therefore the quantum yield (QY) by around 5 to 6 times, despite little to no change in mea-
sured WF using a Kelvin Probe. It was found using X-ray Photoelectron spectroscopy XPS that
polishing the copper surface removed the CuO/Cu(OH)2 leaving behind more metallic copper
which must have a higher QY.
For both MgO and ZnO films it was found that if the samples were oxidised in vacuum they
appeared to have lower work function than if oxidised in ambient conditions. From XPS mea-
surements the increase in work function was attributed to a larger MgCO3 and hydrozincite
components respectively. With the decrease in WF with ambient exposure being attributed to a
larger MgO component.
Both MgO and ZnO were found to have a range of possible signals, in part due to the rising gain
behaviour, however there was a general trend of lower WF resulted in higher signal.
Some possible applications for ThGEM-based Gaseous Photomultiplier (GPM) devices have
been investigated, in particular real-time water monitoring which we showed is possible by in-
vestigating the quantities of 3 different chemicals: potassium hydrogen phthalate, clothiandin
and tryptophan.
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Chapter 1
Introduction
1.1 Preface
The topic of this thesis is the construction of Thick Gaseous Electron Multiplier (ThGEM)-Based
Gaseous Photomultiplier (GPM) devices and a review on their potential applications as ultravi-
olet (UV) light detectors. In this thesis the operating conditions of gaseous electron multipliers,
including a novel design coined in this thesis as a ’Gaseous Gap Electron Multiplier’ (GGEM)
which is constructed without the dielectric between the holes of the two electrode plates, will be
investigated. The growth and characterization of metal oxide UV photocathodes will also be in-
vestigated, including the effect of chemical composition and their stability over time in gaseous
and ambient conditions.
The gain stability of gaseous electron multipliers was investigated by measuring the photocurrent
under illumination, shown in chapter 3. The photocathodes chemical composition was investi-
gated using a technique called X-ray Photoelectron Spectroscopy (XPS) and the work function
was measured using a single point Kelvin probe in ambient conditions to see how the compo-
sition of the surface affects the work function (WF), as shown in chapter 4. The relative and
absolute quantum yields of the photocathodes are also measured and calculated, as shown in
chapter 5, to see how well these materials perform as UV photocathodes. Finally, in chapter
6 the potential applications of ThGEM-based GPMs are reviewed and some proof-of-concept
measurements are taken.
1.2 Motivation
Over the last decade or so, ultraviolet (UV) light sources have been rapidly improving, de-
creasing in size and cost whilst increasing in power and quantum efficiency (QE) especially at
shorter wavelength emission. Gas discharge lamps using noble gases have been a standard for
the emission of vacuum ultra-violet (VUV) light, especially in applications such as ultravio-
let photoelectron spectroscopy (UPS) where helium is the most commonly used [4]. However
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for most commercial applications, UV light emitting diodes (LEDs) are now more commonly
used over UV discharge lamps as they are cheaper, smaller, have narrower wavelength emis-
sion, higher energy efficiency, longer lifetimes, less fluctuation in light intensity, small standby
time and low heat generation [5, 6]. UV LEDs can also be tuned to have specific wavelength
emissions anywhere in the UV range (400nm-200nm). Despite their numerous disadvantages
compared to LEDs, gas discharge lamps are still used in some applications as they are capable
of shorter wavelength emission and higher powers.
Recently, there has been marked improvements in the performance of deep ultraviolet UVC
(200-280nm) LEDs. In particular, AlGaN has been researched as a possible material for high
VUV LEDs with high QE. A group at the University of South Carolina reported the first AlGaN-
based VUV LEDs between 250nm and 280nm in 2004 [7, 8, 9]. For the 280nm LED a record
external quantum efficiency (the number of photons emitted from the LED to the number of
electrons passing through the device) of over 1% was reached, however for the deeper 250nm
LED only 0.01% EQE was reached. More recently, a EQE as high as 1.5% was reached for
280nm LEDs [10].
These recent improvement in cheap, small and powerful UVC light sources mean applications
using UVC are becoming much more viable, as such, cheap and robust UVC detectors will also
be required. These detectors will need to have a sharp cut-off in their responsivity at solar wave-
lengths so as not to be affected by background solar light, this particular property of detectors is
called ’solar-blind detection’, as it is not affected by the solar portion of the spectrum.
The UVC part of the UV spectrum (< 280nm) is of particular interest to various applications,
as there is basically no ground level background. This is because these wavelengths are almost
completed absorbed in the upper atmosphere, the remaining radiation in this wavelength range
only accounting for (< 1%) of the total solar irradiance at ground level [11]. UVC light sources
are currently used in various applications such as: environmental sensing [12], disinfection [13],
spectroscopy [14], medical diagnostics [15] and communication [16]. In particular UVC LEDs
are used as they have a tunable narrow bandwidth and can be cheaply produced.
Although there is significant research towards wide-gap semiconductor photodiodes (PDs) [17]
(including the development of avalanche PDs which have internal gain resulting in much higher
sensitivity) these devices still have a small detector area and UV focusing optics are expensive.
Therefore large area UV applications currently still require the use of multiple Photomultiplier
Tubes (PMTs) [18], which can incur large costs.
Detectors incorporating photocathodes, like PMTs, are also of particular interest due to the sharp
cut off due to the work function of the material used for the photocathode, allowing for spectral
determination. GPMs just like PMTs use photocathodes and therefore also has this benefit. In
PMTs the multiplication stage occurs by accelerating electrons which then collide with a suc-
cession of anodes under vacuum which causes secondary electrons to be emitted, wherein the
case of GPMs the multiplication stage occurs from the inelastic collisions with the inert gaseous
atoms under an accelerating field. Further detail on the processes present in GPMs is discussed
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in section 1.4.
GPMs are potentially very useful for large-area, cheap UVC detectors due to their ease of manu-
facturing. However their lack of stability when approaching high gains and lack of air-stable UV
photocathodes have stopped them being more widely used. Although not commercially avail-
able, GPMs have played a significant part in High Energy Particle (HEP) experiments such as
Ring Imaging CHerenkov (RICH) counters [19], rare-event experiments and cryogenic applica-
tions [20, 21].
In this thesis we will attempt to get a handle on the stability and operation of Thick Gaseous
Electron Multipliers (ThGEMs) and through coupling with UV photocathodes investigate their
use as a GPM and some potential applications.
1.3 Development of the Gaseous Electron Multiplier
The first and most simple type of gaseous detector is the parallel plate chamber [22] consisting
of two parallel electrodes held under high voltage bias such that multiplication occurs in the gap.
Although this simple structure has intrinsically high rate capabilities and good energy resolution,
the exponential dependence on the gap size and sensitivity to defects [23], lead to research into
a new branch of detectors called micropattern gaseous detectors (MPGD).
In 1968 a type of MPGD known as multi-wire proportional chamber (MWPC) was introduced
by Charpak et al. [24] which caused avalanche multiplication around thin anode wires, due to a
high electric field gradient. This detector consisted of an array of wires supported by insulator
such as kapton or PCB. The wires were placed under a high voltage bias and a separate anode
would have been used to collect the charges.
However, secondary photons and ions produced by ionisation of the gas in the avalanche limited
the sensitivity at high rates. This is because the ions produced by the avalanches are slowly col-
lected at the anode which generates a build up of positive space charge, which in turn modifies
the electric field. There is also a position sensitivity limitation due to the difficulties in placing
and maintaining a distance of less than a few millimetres between the anode wires and mechan-
ical instabilities from electrostatic repulsion for wires above a critical length (about 10cm for
1mm spacing) [25]. Although some research has been done into introducing supports to MW-
PCs to reduce mechanical instabilities [26, 27], the operation of these devices have been limited
due to non-uniform operation due to contact with insulators or glue.
In 1988, Oed et al. [28] introduced a new type of MPGD called the Microstrip Gas Chamber
(MSGC) which consisted of tiny metal strips engraved on a thin insulating substrate, the elec-
trodes were alternately biased as anode and cathode. By use of photolithography the electrode
spacing could easily be reduced by an order of magnitude and the fast collection of ions by the
nearby cathode strips reduced the space charge build up and greatly decrease the rate limitation.
However it was found out that polymerization occurred in the gas under sustained avalanche
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conditions causing a thin insulating layer to form on the electrodes and discharges caused per-
manent damage to the delicate electrodes [1].
In 1996, Giomataris came up with a new type of gaseous detector called the micromegas [29].
Unlike previous detectors the multiplication stage occurs in holes in a wire mesh and was cou-
pled with the high-gain properties of parallel plate detectors. The closed geometry of the multi-
plication stage meant there was less space charge build-up but unlike the MSGCs a lack of thin
anodes means they are insensitive to damage from radiation or polymerization. Also they had a
naturally low ion-backflow fraction (IBF) due to the ions being caught in the mesh [30].
Finally in 1997, Sauli et al. [31] introduced the Gaseous Electron Multiplier (GEM), these de-
vices consist of a dielectric sandwiched between two electrodes with holes drilled or etched
through the device. As in the case of the micromegas the avalanche was confined to holes, how-
ever the photon and ion-mediated effects are further reduced as they will be absorbed into the
dielectric walls of the holes.
The GEM also has the unique property of being able to share the overall gain needed in a
(a) (b)
Figure 1.1: A model of the electric field lines for a) Multiwire proportional chamber & b)
Gaseous Electron Multiplier, both images are taken from Sauli et al. [1]
cascade of elements operated at lower voltages, this reduces the occurrence of discharges and
improves stability and reliability. Another advantage of GEMs is that they are cheap and easy to
manufacture and can easily cover large areas with minimal difficulty.
There has also been considerable research reducing the ion IBF via novel GEM/ThGEM struc-
tures. Lower IBF values means less damage or ageing of the photocathode by ion impact [32]
or sporadic discharges to cathode-excitation effect, particularly at high rates [33]. Also in Time
Projection Chamber (TPCs) the space-field distortion induced by the ion migration to the drift
volume can cause significant loss of event topology [34]. IBF can be lowered by cascading
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GEM/ThGEM elements or even further IBF reduction has been achieved by staggering the hole
alignment between multiplier elements [35]
Hybrid MPGDs with both GEM and MSGC elements were introduced by making lithographic
patterned electrodes for ion defocusing. Such as the Micro-Hole Strip Plate (MHSP) [36], CO-
BRA [37] and Thick-COBRA [38]. An IBF as low as 10−4% at a gain of 105 was reported for 2
GEMs sandwiched between 2 COBRA multipliers [39].
More recently, multi-layer ThGEMs have been investigated by Cortesi et al. [40]. Further im-
provement to this design was made by Olivera et al. [39] by merging the double micromegas with
its large gain with the more robust multi-layer ThGEMs, coining a Multi-Mesh Thick Gaseous
Electron Multiplier (MM-ThGEM). In this device two micro-meter meshes are laminated in
between two ThGEM elements. This causes efficient focusing into the holes, natural ion and
photon suppression, coupled with the amplification of the strong uniform electric field in the
small gap between parallel meshes. Also due to the large field gradient between the amplifica-
tion region and the pre-amplification region the ions produced in the avalanche and from below
are trapped on the uppermost mesh reducing the IBF.
Although more complex GEM devices exist, in this thesis we will, in general, compare the gen-
eral properties of a single ThGEM device. However the general properties of this device should
also be similar to the other types of GEM devices.
1.4 Gaseous Electron Multiplier Theory
Gaseous ionisation detector operation can effectively be broken into 4 stages:
1. Production of primary electrons
2. Drift and acceleration of electrons and ions
3. Multiplication of electrons via successive collisions
4. Charge collection and amplifications
The production of primary electrons can be either from direct ionisation of the surrounding gas
or by emission from a solid surface via the photoelectric effect, discussed in more detail in sec-
tion 1.5.
The primary electrons produced then experience a drift and acceleration due to the electric field
caused by a high voltage bias placed across the electrodes of the detector. These electrons are
accelerated to the point where successive ionisation occurs with the surrounding gas resulting in
production of secondary electrons that are subsequently collected and measured.
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1.4.1 Ionisation Multiplication
The first effect we will describe in more detail is the multiplication of electrons in the gas,
the primary electrons are accelerated due to the resultant electric field in the device. Once the
electrons are accelerated to a point where they have kinetic energy higher than the ionisation
potential of the gas atoms or molecules they can cause an ionisation collision producing another
electron, which in turn can be accelerated into another ionisation collision if it is not absorbed
into the walls of the detector. If the inelastic mean free path (IMFP) is much smaller than the
multiplication length, the process repeats itself causing a chain reaction forming an avalanche of
electron-ion pairs, known as a Townsend avalanche, first discovered by Townsend in 1901 [41].
At these energies, the main loss of energy is via inelastic collisions such as excitation and ioni-
sation and the contribution of elastic processes becomes negligible. Due to the large difference
in mobility between electrons and ions a characteristic drop-like charge distribution forms with
the electrons at the front and the slow ions forming a trail behind.
For a uniform electric field the total multiplication from the Townsend avalanche is of the form
in equation 1.1,
M =
n
n0
= eαx (1.1)
where n is the number of final electrons after multiplication, n0 is the number of primary elec-
trons produced and α is the inverse mean free path for ionisation otherwise known as the 1st
Townsend coefficient also defined as α = Nσi where N is the number of molecules per unit vol-
ume and σi is the ionisation cross section. This coefficient therefore represents the number of
ionizing collisions per unit drift length.
The Townsend coefficient, α , depends on the electric field strength and gas pressure. Many ana-
lytical expressions for α exist [42]. The generalised form of the Townsend coefficient is shown
in equation 1.2,
α
P
= Ae−
BP
E (1.2)
where A and B are phenomenological constants. For Argon, the values of A ≈ 14cm-1torr &
B ≈ 180V cm−1torr-1 are given by Sauli et al. [43]. However, due to the double exponential
dependence of the electric field on α , large errors can occur for even small differences in the
parameters used.
Figure 1.2 taken from [43] shows the experimental data for the Townsend 1st ionisation coeffi-
cient from Kruithoff and Penning [44] and Jeleneak et al [45] compared to the general approx-
imation from equation 1.2 and calculation by Sauli et al. [43] using a program called MAG-
BOLTZ for Argon at NTP.
For non-uniform electric fields the acceleration of the electron changes as it drifts through the
detector therefore the Townsend coefficient will also change. A simple approximation would be
to split the field into infinitesimal slices and integrate across, such that M = e
∫
α(x)dx. However
this method produces large errors in fields with large space gradients due to the fact that the
values for Townsend coefficient at a specific electric field strength are measured under uniform
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electric field [46].
Figure 1.2: Comparison of experimental data to Korff’s approximation and MAGBOLTZ calcu-
lation for Argon at NTP taken from Sauli et al. [43]
1.4.2 Excitations and Secondary Photon Emission
A large number of processes can occur during inelastic interactions between electrons and
molecules. As well as ionisation, collisions with the atoms can cause excitation leaving an
atom in an excited state which can then de-excite via numerous processes. Noble gases in par-
ticular can de-excite via emission of DUV photons. DUV emission can be produced via decay of
excimers that are produced via collisional excitation between excited and ionized atoms. Figure
1.3 shows the emission from argon excimers as measured by Hurst and Klots [47]. The lower
wavelength emission (105nm) dominates at low pressure corresponding to the emission from
de-excitation from short-live molecules called dimers, whilst excimer emission peaks at around
125nm. Other photon emission can occur via atomic emission in the visible and infra-red re-
gions however these are not as intense. It is generally believed that DUV emission dominates
over other types of radiative decay at high pressures [48].
If the photons have enough energy to ionise the gas they can cause secondary avalanches and
even eventually lead to a dielectric breakdown or spark. As such, in proportional counters such
as MWPCs, it is common to use a mixture of noble gas and a molecular gas called quenching
gas, CH4 and CO2 are some commonly used quenching gases used in gaseous detectors. These
molecular gases de-excite via vibrational and rotational modes instead of radiative therefore they
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suppress the effects of secondary emitted photons on causing spark breakdowns. However, the
use of quenching gas is less important in GEMs due to its avalanche containment in the closed
geometry of the holes which limits secondary effects from photon emission. Therefore even
though pure noble gases are generally not used in MPGDs, GEM operation in pure noble gases
is possible. The use of pure noble gases without molecular gases also reduces the ageing effects
of photocathodes which is particularly useful for detection of visible light due to the delicate
nature of visible photocathodes [49].
Addition of even small amounts of other species to noble gas shifts the excimer emission to
Figure 1.3: Fluorescence emission of Argon excimers from Hurst and Klots [47]
longer wavelengths towards that of the additive as shown for argon-xenon and argon-nitrogen in
Takahashi et al. [50], where nitrogen shifts the secondary emission to the visible reducing the
chance of a breakdown to occur from secondary photon emission.
Another important process that can occur if the ionization potential of one of the gas species
present in the mixture is lower than the excitation potential of the other is a very effective pro-
cess of collisional transfer called the penning effect, A∗+B→A+B++e−. This effect increases
the number of ionised states that leads to a very effective increase in the ionisation yield as shown
by Druyvesteyn and Penning [51]. Mixtures of these gases are called Penning mixtures and are
widely used in proportional counters to improve energy resolution [52].
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1.4.3 Induced Charge
As ions and electrons drift towards to the electrodes the surface charges change, the cathode
towards more negative and anode to more positive values. The signals detected on the load
resistor however are opposite in polarity. Therefore in the ThGEM device, as the electrons drift
towards to the negative plate the detected signal will be positive.
The instantaneous charge induced on an electrode by a drifting charge can be simply calculated
using the Ramo Theorem [53] shown in equation 1.3,
i = Eweν (1.3)
where Ew is the weighted electric field, in which the electrode in question is placed at unit po-
tential and all other electrodes are grounded and i is the instantaneous current flowing in a given
electrode due to the motion of a single electron of velocity ν .
1.4.4 Streamer Formation and Breakdown
In the avalanche the high density of ions and electrons cause the electric field to be modified, in-
creasing its strength in front and behind the avalanche. Photons emitted from the avalanche can
cause secondary avalanches to develop in these regions of higher field, this process continues in
front and behind the original avalanche causing a streamer to form. If not damped by detector
geometry, quenching gas, or a reduction in the field strength; the streamer can propagate across
the whole gap leading to a spark breakdown. Precise modelling of the avalanche to streamer
transition (AST) requires precise detail of electron and ion kinematics which are dominated by
collisions with the background gas and the interaction of the particles via their own space charge
field [54].
Avalanche to Streamer Transition
A widely used criteria used for AST, known as the Raether limit [55] is shown,
Qcrit = Mmaxn0 ≈ 106−107e (1.4)
this equation is a simplified assumption that assumes the transition occurs when the amplitude
of the space charge field becomes comparable with the background electric field. However, in
practice spark breakdown occurs at multiplication values and avalanche sizes much lower than
this value. The actual value of Qcrit (the critical charge accumulated before spark breakdown)
depends on several factors such as: geometry and density of primary electron cloud, number of
original electrons (n0), detector geometry, burrs or residual material from fabrication and elec-
tron, gas composition and pressure, and ion diffusion.
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Currently no comprehensive model is available that gives an overview of the AST for different
gas species, ambient pressures and electric field strengths [54]. Also as AST often occurs in
strongly inhomogeneous background fields (i.e. close to sharp tips, burrs or rough surfaces) the
AST can only currently be evaluated on a case-by-case basis.
Feedback Effects
When operating with poorly quenched gases the maximum achievable gain may also be re-
stricted by the fraction of ions that reach the cathode also known as the ion backflow fraction
(IBF). A common limit used is γMmaxk = 1 [56], where k is the fraction of ions or photons that
reach the cathode and γ is the probability of production of an electron from the cathode due
to photon (γph) or ions (γ+) at the cathode. γ+ has been shown to be linearly proportional to
ionisation potential of the gas and γph is a sharply increasing function of photon energy (mostly
due to a sharp increase in QE at the photocathode) [57].
The photon feedback is particularly bad for highly efficient photocathodes (i.e. low work func-
tion and high QE). This is the reason that classical gaseous detectors such as MWPC, which
have a large IBF (≈ 1), have a maximum achievable gain which is very low when coupled with
photocathodes. Whereas in the case of the GEM the cathode is geometrically shielded from
direct light emitted by avalanches so the feedback is almost entirely from ion feedback. Also
as mentioned earlier in section 1.3 there are more novel designs that further reduce the IBF.
This allows GEMs and similar devices to operate at higher voltage biases and electric fields than
MWPCs in badly quenched gases, including noble gases.
It is also noted that the cleaner the noble gas the smaller the maximum achievable gain is. Galea
et al. [58] showed practically no gain for ultraclean He & Ne. This is due to the fact that the
mean free path of noble gas ions before experiencing charge transfer is very large, so at some
level of cleanliness the majority of the ions reach the cathode.
Counting Rate Limitation
It is well known that the maximum achievable gain also decreases with increasing counting rate
[57]. This can be viewed as the statistical likelihood of avalanches overlapping forming space-
charge field which can subsequently cause a spark breakdown. There is also other mechanisms
that contributes to the counting rate gain limitation known as ’electron jets’ or the ’cathode ex-
citation effect’.
The so called cathode excitation effect was demonstrated as temporary enhanced value of γ+ &
γph after a discharge [59]. The explanation of which is most likely from positive ions deposited
on thin dielectric films, either caused by polymerisation of the surrounding gas, oxidation of
metal or adsorption of thin layers. The ions will create extremely high electric fields, similar
to the more well known ’Malter effect’. These electric fields then cause electrons to be ejected
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from the films in form or bursts of jets after some accumulated time [60].
1.4.5 Gain Stability
Charging of Dielectric
It is well known that hole-type gaseous multipliers suffer from gain variations due to the charging
up of the dielectric surface due to the impinging free charge carriers and polarization of the
dielectric [61]. It was expected that stability will be reached when the charge accumulation and
charge evacuation reach an equilibrium.
Alexeev et al. [62] argued that the charges move within the PCB along the electric field lines and
this is a slow process meaning an asymptotic gain stabilisation is reached anywhere from several
hours or days. For cylindrical holes it is expected that lateral diffusion of the charge carriers will
result in electrons occupying the lower part of the hole and positive ions will occupy the upper
part of the hole. This should create an electric field that opposes the original bias, decreasing the
overall gain.
However, it has been shown that for most GEMs/ThGEMs there is a long term rising behaviour
present which appears to be in direct opposition with the decrease in gain due to lateral diffusion
of the charge carriers following the original field lines. Also of interest is that Azmoun et al. [63]
found that the % initial gain increase was exponentially proportional to the exposed surface area
of the dielectric, via so called ’rims’ around the holes. It was shown that films with a large initial
rising effect were also drastically effected by the amount of water in the chamber, which could
be explained via a modification of the surface conductivity of the exposed dielectric material on
the surface.
Pitt et al. [64], through simulation and measurements showed that for ThGEMs with etched rims
there also existed a long term gain variation with the short term drop due to the charging up of
the hole walls.
It was suggested that the top rim charges negatively due to part of the primary electron cloud
that is not focused into the holes resulting in a rise of gain over much longer time scales than
the charging up of the dielectric (order of few hours). And conversely the bottom rim charges
up positively due to collection of ions after the multiplication stage, as this happens about the
same order as the charging up of the hole walls it results in simply a smaller drop over the short
period. This is shown in figures 1.4a, 1.4b and 1.4c, taken from Pitt et al. [64] showing the 3
different cases in the simulation of charging process (no rim charging, bottom only and top and
bottom rim).
Pitt et al. [64] also showed that for a negative induction field, where all the ions are collected
at the bottom electrode the bottom rim charges up quicker resulting in an initial rise in gain
followed by a drop as the hole walls finish charging up.
The ratio of the long-short term stabilization time was found to increase with increasing drift
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field values as more electrons are collected on the top ThGEM electrode.
(a) (b) (c)
Figure 1.4: Simulation of gain stability taken from Pitt et al. [64] for a) no charging up of etched
rims b)only bottom rim charging and c)top and bottom rim charging
Gaseous and surface Impurities
Another effect that can cause a rising behaviour in the gain is changes in the levels of impurities
in the gas. This has been experimentally shown by Cortesi et al. [65] where a 2-fold reduction
in the charging up of gain was found over a period of 6 hours when comparing measurements
started immediately after pumping and those started after prolonged gas flow (24 hours). It was
concluded this was due to a reduction in the impurities in the chamber after this period of flush-
ing through with gas.
1.5 Photoelectric Effect
As mentioned in the previous section, the first process in gaseous ionisation detectors is the
production of primary electrons. In standard gaseous detectors, primary electrons are created
through direct ionisation of the surrounding gas via radiation. However, for GPMs, the primary
electrons are produced via the emission of electrons from a material (known as a photocathode)
under illumination of photons, this effect is commonly known as the photoelectric effect.
Photocathodes can either be reflective (electrons are emitted in the opposite direction of the inci-
dent photons) or semi-transparent (electrons are emitted in the direction of the incident photons
or through the photocathode). For our purposes we have deposited films onto the top electrode
of our detectors and therefore these photocathodes are used as the reflective type.
The photoelectric effect is a phenomenon where an electron is ejected from a metallic or semi-
conducting surface via absorption of one or two photons. The electron is only emitted when
the photon energy exceeds a threshold called the work function of the material. Therefore the
maximum kinetic energy that the photon can receive is K.Emax = h f −φ where f is the frequency
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of the light and φ is the work function of the material.
In 1958, Spicer [66] developed a model for photo-emission, often called the three step model,
as it treats the process in 3 distinct steps: optical absorption, electron transport to the surface
and escape from the surface to vacuum. In metals the electrons are first excited from the valence
to conduction band, these photo-excited electrons then travel to the surface losing some of their
energy mainly through scattering with other electrons. If the photoelectron reaches the surface
with enough energy, it can then escape the surface barrier and be emitted into the vacuum. The
photoelectric yield therefore will be equal to the probability of these three processes: The prob-
ability of absorption, which will depend on the density of states in the valence and conduction
band; the probability of transmission, which will depend on the photon penetration depth and
inelastic mean free path (IMFP) of the photoelectron; and finally the probability of this electron
then escaping, which will depend on the height of the surface barrier and the angle of incidence
between electron and surface.
1.5.1 Work Function
The work function of a conductor is defined as the minimum energy needed to remove an elec-
tron from the bulk to a point outside the material with zero kinetic energy with respect to sample
surface, i.e. the difference between the vacuum level (Ev) and the Fermi level (EF ) of a material.
The work function effectively gives a cut-off frequency of the photons capable of causing pho-
toelectrons via photoelectric effect.
In semiconductors however, the Fermi level exists somewhere in the bandgap of the material and
the actual energy required to remove an electron to from the system, known as the ionisation en-
ergy (IE), is actually the difference between the highest occupied valence state and the vacuum
energy [67]. In a semiconductor the position of the Fermi level and therefore its work function
depends on the density of states, temperature, carrier density and doping concentration.
Work function can be measured directly by applying enough energy for electrons to escape the
metal and measuring the electric current. Examples of direct measurement techniques include
thermionic emission, field emission and photoelectric effect. Work function can also be mea-
sured indirectly via the Kelvin probe method, which will be described in further detail later in
section 2.2.
Theoretical calculations using Density Functional Theory (DFT) [68, 69] have been performed
with growing success on calculating the work function of materials. For example, Waele et al.
[70] have managed to predict accurate work functions of crystalline solids with error bars below
0.3eV.
The work function can be viewed as a combination of two different components, the dominant
bulk component which corresponds to the chemical potential that derives from the electronic
density and density of states in the solid and the surface component also known as the surface
dipole.
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In the bulk of a metal the electron density is constant (simple jellium model) however as the
lattice abruptly terminates at the surface, electrons can tunnel out the solid at some small dis-
tance creating a negative sheet of charges outside the solid and leaving a positive sheet of metal
ions at the surface and sub-surface layer. This effectively creates a potential barrier to overcome
which increases the work function. Therefore the work function of a metal can vary significantly
depending on its crystal orientation [67]. The addition of adsorbates onto the surface can also
increase this potential barrier by adding to the surface dipole.
14
Chapter 2
Experimental Methods
2.1 Growth Techniques
In this section we outline the various experimental techniques used to deposit thin films for use
as photocathodes and ultra-thin films used as work function modifiers.
2.1.1 Physical Vapour Deposition
Introduction
Most of the photocathode films in this thesis were grown in vacuum via a simple deposition
technique called physical vapour deposition (PVD). In PVD the substances to be deposited are
sublimated into gaseous form which then travels through vacuum to the sample surface where
it is deposited. There are many different types of PVD, the most commonly used forms being
sputtering and vacuum evaporation. The latter is primarily used in this thesis to deposit thin
metal oxide films for use as UV photocathodes. Therefore vacuum evaporation will be the pri-
mary focus of this section.
Vacuum evaporation is a technique that uses crucibles, tungsten boats, naked wires or electron
beam heating to heat and sublimate the source material which then travels through the vacuum to
the substrate. Vacuum evaporation has to take place in good vacuum conditions to avoid surface
contamination and to have a long mean free path between collisions. Also care has to be taken
in placing the sample far enough away from the filament and source to reduce radiant heating
of the substrate or another means of cooling the sample needs to be implemented, such as water
cooling. Radiant heating from the effusion cell can also deposit other contamination onto the
sample surface if the chamber is not clean. In this thesis all growth occurs under vacuum pres-
sures (< 10−6mbar).
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Experimental Method
Most of the photocathode layers mentioned in this thesis are deposited via a simple thermal vac-
uum deposition method in a purpose built vacuum system at the University of Warwick. The
chamber is separated into two main sections by a gate valve to allow for sample loading and
removing without compromising the pressure and contamination in the main chamber, in par-
ticular Zn has high vapour pressure at low temperatures meaning that it coats the inside of the
chamber and can re-evaporate during other depositions. Figure 2.1a shows the chamber with the
2 sections labelled.
(a) (b)
Figure 2.1: a) Vacuum chamber for PVD b) bottom view of effusion cells and leak valve
Both sections of the chamber have their own turbo molecular pumps and rotary pumps for back-
ing pumping.
Pressure in the chambers is measured by two hot cathode pressure gauges for the two separate
sections of the chamber. These gauges use a regulated electron current from a heated filament
to measure the pressure in the chamber. Gas ions caused by electron collisions are attracted to a
central ion collector wire where the current is measured. Over a wide range of molecular density
the ion current is assumed to be directly proportional to the molecular density and therefore the
pressure can be inferred from the ion current.
Each material is deposited using their own separate effusion cells, which can allow for rough
control of amount deposited of each via measurement of the temperature, using thermocouples.
The sublimation of the solid source material happens via thermal evaporation in a ceramic cru-
cible heated by a coil of tungsten wire. After the samples are grown, oxygen is slowly released
into the chamber via a leak valve and narrow capillary tube leading to the sample surface. A
narrow tube is used to direct the oxygen to the sample to minimise the oxidation of the tung-
sten filaments (both around crucibles and on ion gauges), whilst maximising the oxidation at
the sample surface. Also on the gas line is a line to vent the side chamber with pure nitrogen
for sample removal. Figure 2.1b shows a more detailed view of the bottom of the side chamber
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showing both effusion cells and leak valve which allows oxygen into the chamber.
Evaporation Rate
The evaporation rate of a sublimated material in vacuum can be calculated using the Hertz-
Knudsen vaporisation equation [71] as shown in equation 2.1,
dN
dt
=Csqrt2pimKT (p∗− p) (2.1)
where dN is the number of evaporating atoms per cm2, C is a constant that depends on rota-
tional degrees of freedom in vapour, p∗is the vapour pressure of the source material and p is
the pressure above the surface. Maximum evaporation rate is when p = 0 and C = 1 however
the actual vaporisation will be a third to tenth of this maximum rate due to collisions, surface
contamination and other effects.
Using this equation if we know the temperature and vapour pressure of the material in question
we can get an estimation on the vaporisation rate onto the substrate.
For low vaporisation rates, and ignoring collisions within the path to the sample, the flux distri-
bution as from a point source can be described by a cosine distribution as shown in equation 2.2
[71],
dm
dA
=
E
pir2
cosφcosθ (2.2)
where E is the total mass evaporated, θ is angle from the normal to the vaporising surface and
φ is the angle from the source to a point on the surface.
In general, to measure the vapour pressure of various gases a Knudsen cell is used, this cell con-
sists of a closed volume with a small orifice, when the container is held at constant temperature
the material that escapes through the orifice depends on the pressure differential [72].
2.1.2 Electrochemical Deposition
Introduction
Electrochemical deposition is a method in which a solid metal film can be deposited on an elec-
trode submerged in an electrolyte solution, containing metal salts and other ions to promote
current flow through the solution. A DC current is applied between the anode and the cathode
(the electrode to be coated) and at the interface of the cathode and solution the metal ions reduce
and cause a precipitation on the surface. This method was mainly used as a comparative method
to PVD in this thesis as there is limited data for the deposition of films using this method. Elec-
trochemical deposition does not require vacuum conditions and therefore can be a significantly
cheaper and faster method of fabrication of thin films than PVD or molecular beam epitaxy.
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An electrochemical cell usually consists of three separate electrodes submerged in the electrolyte
solution: reference, counter and working. The working electrode is the name given to the elec-
trode that the film is deposited on (i.e. cathode), in our case this is the ThGEM. The counter
electrode is normally made of inert material such as platinum, gold or graphite so that it does not
take place in the actual chemical reaction. The current is applied across the counting electrode
and the working electrode. Finally, the reference electrode is the point of reference for potential
control and measurement. The reference electrode must have stable and well-known electrode
potential, this is normally achieved by employing a redox reaction where the participants in the
reaction are constant (i.e. by saturation). The current flow through the reference electrode is
kept close to 0 via high input impedance to the potentiostat. Also, to reduce ohmic losses in the
solution, known as the Luggin-Haber capillary effect, the reference electrode is brought as close
as possible to the working electrode.
A potentiostat is used to control the potential and measure the current. The potential between
counter and working electrodes is adjusted so that the potential between the working electrode
and reference electrode is kept at a value set by the software. The current is then measured from
the counting electrode.
Experimental Setup
The setup used in our experiments matches closely that used in Illy et al. [73]. 3 electrodes
were submersed in the electrolyte solution: The reference electrode of Ag covered with AgCl,
the counter electrode of platinum wire and the working electrode (the sample to be coated). The
ThGEMs, or working electrodes, had the connection soldered to the copper connector in the
design, which was left out of the solution so it did not contaminate the ZnO layer deposited. To
manipulate the electrodes and their amount of submergence in the electrolyte solution a set of
mini-stands with crocodile clips were used. The potential was controlled by a potentiostat from
Palmsens and the corresponding software that came with it.
The electrolyte solution was made by dissolving 0.1M Zn(NO3)2 and 0.1M KCl in a solution of
deionised water. 0.1M Zn(NO3)2 was used to match the standard conditions in Illy et al. [73] as
the ZnO films were shown to have peak optical transparency for this concentration [74].
In this method a precursor of NO3- is used via dissolving zinc nitrate hydrate in solution of water
and KCl. NO3- has been used as it has high solubility in water and very high deposition rates
can be obtained [75]. The steps of the reduction process at the cathode leading to precipitation
of Zn on the surface of the cathode is shown in equation 2.3.
Deposition was performed at room temperature and with a potential of -1V as again this was
shown to give maximum optical transparency [76]. The pH of the solution was not measured or
controlled.
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NO−3 +H2O+2e
−→ NO−2 +2OH−
Zn2++2OH−→ ZnO ↓+NO2
(2.3)
2.1.3 Spin Coating
Introduction
To coat ultra-thin films for work function modifiers we used a simple technique called spin
coating. This technique works by dropping liquid onto the sample surface and spinning the
sample at high speeds (up to 5000rpm). The centrifugal force combined with the surface tension
of the solvent pulls the liquid across the surface, producing uniform and consistent films.
The desired molecule is dissolved in a solvent which carries this molecule across the substrate
surface, the airflow from the spinning motion then dries a substantial part of the solvent and the
remaining liquid can be dried post-process by drying with a nitrogen gun or annealing.
Meyerhofer et al. [77] outlined a treatment which split spin-coating into 2 processes: one from
the viscous flow across the sample surface and other from evaporation of the solvent solution.
Using this approach the thickness of the final coating was predicted to depend on a variety of key
parameters as shown in equation 2.4, where e and K are evaporation and flow constants defined
in equations 2.5 and 2.6,
t = x
(
e
2(1− x)K
)1/3
(2.4)
e =C
√
ω (2.5)
K =
ρω2
3η
(2.6)
x is the effect solid content of the solution, ω is rotation rate, ρ is the density of the solution
and η is the viscosity. C is a constant that depends on whether the airflow above the sample
surface is laminar or turbulent and on the diffusivity of solvent molecules in the air. C has been
determined experimentally using laser interferometry [78].
Spin coating is a quick and cheap method of coating thin, reliable and uniform films. However
it is often not used for manufacturing processes due to substantial waste of solvent from being
flung off the substrate, also it is inherently a single substrate process and therefore has lower
throughput than roll-to-roll processes.
Experimental Setup
A programmable spin coater from Ossila was used to coat films onto the ThGEMs. A chuck
with a cutout which had the standard dimensions of the ThGEMs was used to hold the sample in
place. The liquid was then dropped by hand using a pipette through a hole in a screen above the
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sample and chuck. Solvent is dropped onto the sample surface once the device has reached the
speed required for deposition, this method is normally called ’dynamic’. Dynamic dispensing is
normally preferred as it is a more controllable process due to the fact that in ’static’ dispensing
(solution dispensed onto a stationary surface) the solution has had time to evaporate before the
sample is spinned.
2.2 Kelvin Probe
2.2.1 Introduction
The Kelvin probe (KP) is a device which uses the Kelvin method, introduced by Lord Kelvin in
(1898), to measure the contact potential difference between two conductors.
When two conductors are brought into electrical contact, free electrons flow from the conductor
with higher Fermi level to the conductor with the lower Fermi level until equilibrium is reached
and their Fermi levels are equal. As such the end of the conductor with higher Fermi Level builds
up positive charge and the other conductor builds up a negative charge, the potential difference
formed between these two conductors is called the Contact Potential Difference (CPD) which is
equal to the difference in work function of the two materials.
However, it is not possible to measure the CPD directly by adding a voltmeter as it would end
up measuring the sum of the voltages around the circuit which would inevitably add up to zero.
As such an indirect method, such as used in the Kelvin probe, is required to measure the CPD.
Figure 2.2 shows a schematic diagram of the ’null’ Kelvin method. In (a) two conductors with
two different Fermi levels (E f s&E f t) and work functions (φs&φt) are shown. When the con-
ductors are placed in electrical contact, in (b), a current flows from one conductor to the other
creating a contact potential difference (VCPD). A backing voltage is then applied which can be
measured, this will be equal and opposite to the contact potential difference.
The Kelvin probe (KP) works by forming a capacitor device with a tip suspended above the
sample to be measured, this forms a parallel plate capacitor between the 2 surfaces. By then
periodically vibrating the tip above the sample surface it causes an alternating voltage to be gen-
erated across an external resistor, due to the change in capacitance ∆C, as shown in equation
2.7,
Vpt p = (VCPD−Vb)RC0ωεsin(ωt +θ) (2.7)
where Vb, the external backing voltage is then applied until the voltage drop across the external
resistor is 0, then this voltage would be equal but opposite in polarity to the CPD between the
materials. This is known as the ’null’ method.
The Kelvin method, however, only gives the CPD and not the individual work functions of the
materials. Therefore, to determine the work function of samples measured, the tip’s work func-
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tion must first be determined. The calibration of the tip is discussed further in section 2.2.4
below.
In the case of measuring the work function of semiconductors however, there are additional
mechanisms involved in the metal-semiconductor junction between the tip of the Kelvin probe
and the semiconductor surface. With semiconductors there is surface band bending of the Fermi
level to achieve alignment of the bulk Fermi levels, which can affect the measured work func-
tion. Also illumination of samples can cause photo-generated carriers to reach and neutralise
surface donors/acceptors which can reduce band bending at the surface causing changes to work
function, this effect is called surface photovoltage (SPV) [79, 80].
(a)
(b) (c)
Figure 2.2: Schematic diagram of the ’null’ Kelvin method.
2.2.2 Limitations and Benefits
The work function as measured via the Kelvin method is extremely surface sensitive and also
sensitive to gases or adsorbed species as they can substantially change the energy required to
remove an electron from the Fermi level, this is especially true for metal oxides [81].
Compared to direct measurements of work function via thermionic, field or photoemission; KP
work function measurements are often higher because they take the arithmetic mean work func-
tion under the probe area. Whereas direct methods are weighted to patches of lower work func-
tion. In particular the photoemisson of semiconductors is sensitive to the topmost populated
states of the valence band and the work function measured via direct measurements such as pho-
toemission is often lower than the work function measured via the Kelvin probe.
Also surface dipoles may exert a far lesser influence on the measured work function using the
Kelvin method compared to photoemission measurements. As photoemission measurements de-
pend on the inside dipole electric field compared to the much weaker outer field of the dipole as
in the case of the Kelvin method. [82]
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2.2.3 Experimental Setup
The probe is mounted above the sample surface with a moveable clamp, with a adjustable y
stage, which can be adjusted to bring it towards or away from the sample. The tip of the probe is
coated in gold and has a flat surface of 2mm diameter. As the measurements are performed away
from any walls the stray capacitance effects that often dominate measurements are no longer an
issue [83, 84]. A screen is also used to minimise the electromagnetic pick-up noise present.
Figure 2.3: Experimental setup of Kelvin probe, with holder with beryllium clip for mounting
ThGEMs for measurement
The Kelvin probe came with a sample holder as standard which is electrically grounded. As
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some of the surfaces we will be measuring exhibit insulating properties such as MgO and ZnO
both of which are wide band-gap insulators, a separate table was retrofitted to sit within this
holder and have a top contact via a beryllium clip to ensure electrical contact and remove drift-
ing capacitance effects during measurement.
The Kelvin probe uses a variation on the ’null’ method discussed above called the ’off-null’
method. The off-null method uses the linearity of the measured signal with the backing volt-
age (Vb) and uses curve-fitting procedures to extrapolate the intersection with the Vb axis to get
the CPD [85]. This method reduces the noise, as at the ’null’ point the signal to noise (S/N)
ratio reaches a minimum. The ’off-null’ method also has the added advantage of allowing mea-
surements of mean capacitance which can be used to allow repeated measurements at the same
experimental parameters.
2.2.4 Calibration
As stated previously the Kelvin probe measures the contact potential difference or CPD, not the
absolute work function of a material. To convert the CPD into a value of work function, the work
function of the tip is required and must first be measured. Possible methods of calibration of the
tip work function are: To use an electrochemical half-cell as proposed by Hansen & Hansen
[86], finding the photoemission threshold using fowler’s theory [87] or to use a reference sample
with known and stable work function to infer the work function of the tip.
As the measurements from the Kelvin Probe, in this thesis, are performed in air under ambient
conditions, the work function of the samples can vary significantly from absorption of oxygen,
water and other surface contaminants. Therefore finding a reference material with a known work
function can be difficult. One such material is highly-ordered pyrolytic graphite (HOPG) which
has been shown is stable in air with a work function of 4.475±0.005eV, by Hansen & Hansen
[86] with comparison with an electrochemical half-cell.
As such to calibrate the tip work function we use a selection of reference samples, including
HOPG and use the CPD measured to make an estimate on the tip work function from literature
values for the different materials. The different reference materials used were polycrystalline
Au, Ag & Al with freshly cleaved HOPG.
Material CPD(mV) Photoelectric WF (eV) [88] Kelvin WF (eV)
Au 130±15 4.8 5.45[89]
Al −995±18 3.58 4.25 [90]
HOPG −97±18 4.79 4.475 [86]
Ag −16±9 4.59 4.3 [91]
Table 2.1: Calibration data for Kelvin probe: Au and Al samples came from aluminium reference
table, half coated with gold film, from KP technologies. Ag measurements are taken from silver
paste screen printed on ceramic substrates.
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Table 2.1 shows the average CPD measured using the KP for all the reference samples and the
corresponding values found in literature. Baikie et al. [88], used Fowler’s Theory [87] with
ambient pressure photoemission spectroscopy to extract the photoelectric threshold from the
photocurrent measured from atmospheric ions.
The threshold values from Baikie et al. [88] might not be exact as we cannot assume surface
layers such as oxides obey Fowler theory and the CPD measurements across the literature can
vary significantly due to surface conditions, effect of absorbants such as water and O2 and the
intrinsic error in determining the work function of the tip. Therefore we will use both values to
attempt to get an accurate value for the tip work function.
Taking the values of WF from literature shown in table 2.1 and the measured CPD values for
our reference samples, we can now estimate the work function of the tip. Figures 2.4a and 2.4b
show the estimated WF using the threshold values from Baikie and work function measured by
Kelvin probe from various sources, respectively. This gives a mean value of 4.68±0.07 eV and
4.9± 0.2 eV for figures 2.4a and 2.4b respectively. We will use the weighted mean value of
4.7±0.07 eV as the tip work function for the rest of the thesis.
(a) (b)
Figure 2.4: Estimated Tip WF from a)Photoelectric Threshold values and b)Surface WF as
measured by Kelvin probe
Table 2.2 shows the measured work function for the calibration samples using this tip work
function. For most of the samples the WF measured using this tip WF is quite similar to the
photoelectric threshold from Baikie et al. [88], except HOPG which matches more with the WF
measured by KP in Hansen et al. [86]. This futher illustrates the problem with using only HOPG
as a source for calibration in ambient conditions.
It can be seen that the dominant source of error is the determination of the tip work function from
the literature values (0.07eV) as the measured average CPD values for the reference sample have
a much smaller error. However for comparative measurements things such as the variance across
a sample and the capacitive effects will be the primary source of error.
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Sample WF (eV)
Au 4.75
Al 3.63
HOPG 4.52
Ag 4.6
Table 2.2: Measured work function for calibration samples using calculated tip work function
2.3 X-Ray Photoelectron Spectroscopy
2.3.1 Introduction
X-Ray Photoelectron Spectroscopy (XPS) [92] also sometimes known as electron spectroscopy
for chemical analysis (ESCA), is a surface analytical method that can investigate the elemental
composition of a sample. This method works by measuring the kinetic energy (K.E.) of core-
level electrons ejected from the surface via the photoelectric effect after irradiating the surface
with X-rays.
If the energy of the X-ray photon is known, then the characteristic binding energy (B.E.) of the
core level electron, which was emitted can be calculated from its measured K.E. as shown in
equation 2.8,
K.E.= Eγ −φI−B.E. (2.8)
where φI is the work function of the instrument (the minimum energy required to get a electron
from the surface to the detector).
As every element has a specific electronic structure and therefore a unique binding energy of
their core electrons (roughly increasing the atomic number (Z)), from the peaks in the measured
spectrum, the element that the electron has been liberated from can be inferred. Small shifts in
binding energy can occur from the local chemical environment of the element, such as bonding,
therefore these shifts can give information of the chemical state that the element is in.
XPS is a very powerful technique for measuring the chemical composition of a surface as it is in-
herently a highly surface specific method due to the electrons having a small inelastic mean-free
path (IMFP), meaning the actual depth that is analysed is much smaller the the photon penetra-
tion depth. This can be quite useful as it allows us to look purely at the surface of a material
without any interference from the bulk. Also, (ignoring changes to the electronic state of the
surface from charging) XPS is also a non-destructive technique unlike other surface composi-
tion techniques, such as secondary ion mass spectrometry (SIMS) [93].
Another factor that can change the depth which is measured is the angle relative to the surface of
the sample, also known as the take-off angle (θT ). A common term to define the volume anal-
ysed is the sampling depth (3λIMFP cos(θT )) which is defined as the depth which 95.7% of the
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photoelectrons emanate from. By changing the take-off angle, the depth of study or sampling
depth can also be changed, this can be useful to see how the chemical composition changes with
depth.
The atoms which the core electrons are emitted from will be left in an excited state, the electrons
from the valence band can then decay into the vacancy left by the photoionisation event. This
relaxation event can either result in an emission of a photon (fluorescence) or another electron
from the valence band, known as an Auger electron. As Auger electrons also have characteristic
energies dependent on the atomic transitions, they can also be used in analysing chemical com-
position of a surface, which is the primary mechanism in a similar analytical method that uses
a beam of electrons to excite the surface and emit these electrons called Auger electron spec-
troscopy (AES) [94]. As X-ray sources usually use relatively low energy photons, the Auger
effect will dominate the florescence in relaxation events [95].
If the sample surface is electrically insulating then the emission of electrons under illumination
of X-rays can cause a positive charge to accumulate at the surface. This can cause the peaks to
shift to higher binding energies and become distorted. To reduce this effect it is necessary to
replenish the electrons from an external source such as an electron gun. Any remaining shift in
the spectrum can then be removed via charge correction using software, by selecting a reference
peak and shifting the B.E to a known value. However charge correction from a reference peak
does not take into account differential charging.
2.3.2 Instrumentation
XPS is performed under UHV to improve detection efficiency due to minimising collisions of
electrons with surrounding gas, surface contamination and damage to the x-ray source. Also
the chambers are often shielded with mu-metal to minimise the effect of external magnetic or
electric fields.
Once the electrons are ejected from the material, they are filtered out by their K.E. using an
analyser. The type of analyser used in the Warwick Photoemission facility is a Concentric
Hemispherical Analyser (CHA) which consists of two concentric hemi-spheres. By applying
specific potential to these spheres the electrons can be filtered by the path of their deflection.
The spectrum achieved outputs counts per second as function of kinetic energy which can be
converted into a binding energy via equation 2.8. Unlike it’s counterpart (a double-pass mirror
analyser (CMA), which is used in both AES and XPS) CHA allows for depth profiling of the
sample by rotation of the sample with respective to the analyser as it has a smaller acceptance
solid angle allowing electrons emanating from a single direction to be measured.
The X-ray source used was monochromated Al Kα with emission at 1486.6eV. X-rays are emit-
ted by bombarding the solid Al target with high energy electrons causing a characteristic line
emission associated with the filling of core holes created by the electron beam, plus a background
due to bremsstrahlung. The emitted x-rays are then subsequently passed through a monochro-
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mater so that just a single energy peak (Kα) is sent to the sample, with some intrinsic line width
which will limit the broadness of the observed peaks in the spectra.
2.3.3 Peak Fitting and Analysis
First step in analysing the surface chemistry of a sample is to find the peaks present in the spectra
received and find which elements they belong to from the background. The stepped background
in the XPS spectrum is mainly due to secondary electrons, which have been inelastically scat-
tered causing them to have lower kinetic energy. This background has to be subtracted before
peak area can be determined, various functions are used to remove this background. In most of
the fitted data in this thesis a Shirley background function was used, this is a useful function as
it minimises the asymmetry in the components during fitting [96].
The Shirley function calculates the background intensity S(E) by,
S(E) = I2 +κ
A2(E)
(A1(E)+A2(E))
(2.9)
where κ defines the step in the background and is typically equal to (I1− I2). This algorithm
is an iterative determination of a background using the areas marked A1 and A2, thus the inte-
grated areas for each point on the background must be computed at each step.
An initial survey scan is done over the whole range of binding energy at a lower resolution
Figure 2.5: Example survey scan for MgO film on copper
to quickly highlight peaks of interest. The peaks can then be assigned to specific elements by
27
2.3. X-RAY PHOTOELECTRON SPECTROSCOPY
looking up tables of binding energy and manually assigning the peaks or letting the software au-
tomatically assign peaks, however this may highlight peaks that are not of interest or miss some
that have been shifted out of the expected range (either chemically or by surface charging). An
example survey scan for MgO film on copper is shown in figure 2.5.
Once these peaks have been located, narrow scans of higher resolution are performed on these
select peaks, which can be used to find the different components present in a transition. Each
element has a range of electronic states that can be excited, leading to possibly more than one
transition peak visible in the spectrum for one element. The general rule for selection of a tran-
sition peak for quantification is to use the one with the largest peak area, subject to it being free
from interfering peaks.
To get a basic quantification of the surface composition the peak area of the transition of in-
terest is divided by the sum of the peak areas of all transitions, giving the atomic concentration
(%). Intensities from the transitions need to also be scaled by Relative Sensitivity Factors (RSF).
These factors are used to account for the relative sensitivity of the apparatus to specific elements
and transitions peaks. The initial survey scan can be used for a rough quantification of atomic
concentrations of elements in the top layer of the sample, however for detailed information on
the chemical state of the various elements and what compounds are present, we need to use the
narrow scans. This approximation however, assumes a homogeneous distribution throughout
the sample therefore the structural model of the analyte needs to be known to ensure an accurate
determination of concentration.
For each characteristic peak we assign a region, in this region we fit one or several components.
The peak binding energy of these peaks tell us the chemical states of the atoms of that element.
The FWHM can also give indications of physical influences such as a change in the number of
chemical bonds contributing to that specific chemical state and/or differential charging of the
surface. In theory the FWHM of a particular component is a convolution of the natural line
width of the core level, photon source and analyser resolution.
The natural line width depends on the lifetime of the core hole created during the photoemission
process. This can be calculated from the Heisenberg uncertainty relationship, Γ = hτ . Where
Γ is the intrinsic peak width in eV, h is the Planck constant and τ is the core hole lifetime in
seconds. Γ increases with both atomic number of an element and for a given element with in-
creasingly deeper shell orbitals, as the lifetime of the core hole decreases.
The fitting of component peaks to a particular region can be complex due to the overlapping of
different peaks. Care needs to be taken when fitting peaks because even if the peak model fits
the data well it may have no bearing on the physical properties of the sample.
Many factors can effect the lineshape and cause a deviation from the expected profile, includ-
ing: the response function of the electron analyser, profile of the x-ray source, intrinsic life-time
broadening of the core-level hole state, phonon broadening and differential charging of the sam-
ple.
In general, quantification in XPS is done using the functional form of the Voigt profile which is
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a convolution of both Gaussian and Lorentzian distribution as shown in equation 2.10 below.
GL(x;F,E,m) = exp(−4ln2(1−m)(x−E)
2
F2
)/(1+4m
(x−E)2
F2
) (2.10)
This line shape is the general form used for all peaks fitted in this thesis unless stated otherwise.
A general nomenclature used is GL(x) where the number in the bracket shows the mixing where
GL(100) is a pure Lorentzian line-shape and GL(0) is a pure Gaussian line-shape.
As mentioned previously if the sample to be measured has insulating properties, such as MgO &
ZnO which are both wide band gap insulators, charging up of the surface can cause the binding
energies in the spectra to be shifted. To account for this a charge correction can be done by
taking a peak with well known B.E. and shifting the whole spectrum by the difference in the
actual measured B.E. and the expected B.E. The adventitious Carbon 1s peak is most commonly
used for this purpose.
As well as using binding energies to highlight the chemical states of various elements the modi-
fied Auger parameter (α’) can also be used. Originally defined by Wagner [97], this parameter
is equal to the binding energy of the component of interest plus the kinetic energy from its re-
spective Auger peak. As the kinetic energy of the Auger electron is independent of the photon
energy, this parameter is unaffected by surface charging so therefore can be used as an effective
marker for chemical states, especially when used in tandem with the binding energy measured.
Another feature present in the spectrum is peak splitting due to energy differences between the
singlet and triplet states via interaction of the spin and orbital magnetic moments. This feature
occurs when there are unpaired electrons in valence shells. If the unpaired electron is parallel
to the valence electron it results in a lower binding energy, or alternately a higher energy for
anti-parallel spin. The relative intensity of the 2 peaks of spin-orbit couplet is determined by the
2J+1 multiplicity of the levels. For example for a 2p spectra, the area ratio for the two spin orbit
peaks (2p1/2:2p3/2) will be 1:2 which corresponds with the fact there are 2 electrons in the 2p1/2
level and 4 electrons in the 2p3/2 level.
2.4 ThGEM Housing
ThGEMs and other gaseous detectors need to be sealed in a noble gas or noble gas mixture. For
most of our experiments a source of pure argon (99+%) gas is used. As such, a chamber needs
to be made to hold and seal the GEM element whilst allowing UV light to enter without much
attenuation. A UV transparent window is needed to allow UV photons through without much
attenuation and the GEM element needs to have 2 connections: one to ground and one to a high
voltage (HV) input.
One such chamber, which we will call the standard chamber, consists of two separate sections; a
metal box to house the electronics and a front section which can be easily removed with a viton
seal to keep the gas mixture in the chamber constant. On the back of the electrical box exists
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an electrical connection which feeds into a data acquisition (DAQ) unit and gas entry to fill the
front chamber with gas and subsequently seal it off using a tap. This setup is shown in figure
2.6.
Fused Silica was chosen as the material for the optical window into the chamber as it has high
Figure 2.6: Standard chamber for mounting and testing ThGEM elements
Figure 2.7: Transmission through fused silica window as function of incident wavelength
transmission (> 90%) for wavelengths above 220nm. The standard transmission spectrum of
fused silica is shown in figure 2.7, as provided by Thorlabs.
A table which has a spring loaded pin at the base connected to the HV supply and a connection
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at the top which feeds the induced current output into the amplifier is used to mount the ThGEM
element into the chamber. The table needs to be highly insulating and high density PTFE is
used. Different tables are available for different thickness ThGEMs, with length and width of
15mmx15mm. The HV input and current output lead into a DAQ which is controlled by a com-
puter.
To investigate larger ThGEMs another chamber was also constructed. Effectively operated in
the same way as the previous chamber, this chamber also consists of a quartz window allowing
UV light to enter without much attenuation. The HV in this case is controlled by a separate
programmable NIM panel HV source. The amplifier used is the same circuit as that used in the
standard chamber. The ThGEMs can either be free standing directly soldered onto wires or in a
table similar to the one on the standard setup just on a larger scale.
2.4.1 Amplifier Circuit
Figure 2.8: Basic Circuit diagram for amplifier circuit
As the output current is low, an amplifier is required to convert the small current from photo-
generated electrons in the ThGEM to a readable voltage, it also needs to be resistant to sparks
as the likelihood of one occurring can be quite high. The basic design is a current to voltage
non-inverting amplifier as shown in figure 2.8, this basic circuit design is used in all of the dif-
ferent chambers. As the input impedance for the Op-amp is very high most if not all the input
current flows into the resistor R0, giving a voltage across the non-inverting input of the op-amp
of V+ = IinR0. Therefore we use a large resistance for R0 (1GΩ). And the ratio of the resis-
tors R1 and R2 control the output voltage such that Vout = V+(R1 +R2)/R1. For this setup the
gain in the amp is calibrated to convert 1pA of current into a output signal of 10mV, therefore
(R1 +R2)/R1 = 10.
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2.4.2 Noise
There are lots of different types of noise present in the detector. There is electrical noise from the
circuitry components in the operational amplifier and HV power supply such as: Shot, Thermal,
Flicker, Burst and Avalanche. There is also electromagnetic pick-up from the residual noise in
the room such as ’mains hum’, which is the main source of noise in the detector, however this
can be easily filtered out with a low pass filter, or shielding the detector with a grounded mesh.
There can also be considerable noise due to micro-phonics, especially when the ThGEM is free-
standing and not placed in the table.
When the ThGEM is being operated under illumination there will also be noise from the statisti-
cal fluctuations in the processes that occur such as photoelectron production and collection. All
of these will contribute to the noise as they are inherently random events.
It is important to quantify the noise in our detectors as it limits the minimum detectable sig-
nal available. An important parameter used in many photodetectors is the signal-to-noise ratio
(SNR) which gives an idea of the strength of the signal in question compared to the background
noise.
Another point to consider is the extra noise generated by the UV light source, in particular the
pond cleaning lamp (discussed in more detail in the section below) shows a large increase in EM
pick-up noise if it is placed in close proximity to the detector.
2.5 Light sources and Calibration
Various different UV light sources were used throughout this thesis to investigate the response
under different wavelengths. In this section the calibration of the spectral irradiance, for the dif-
ferent light sources used in this thesis, is performed. The spectral irradiance of our light sources
is an important parameter for our measurements as it lets us compare the results from different
light sources at varying distances and allows quantification of effective quantum efficiency.
2.5.1 Deuterium Lamp
The first light source we will look at is a deuterium arc lamp from LOT-QuantumDesign GmbH,
which has already been fully calibrated. This lamp has a silica window to allow transmission of
UVC light from deuterium discharge. This light source has high intensity, hard UV light emis-
sion and therefore the largest response under illumination, as such it is the primary light source
used for when we are interested in comparative measurements as it will give the largest signal
out of the light sources.
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The Deuterium lamp produces a continuous spectrum from 160-400nm, a calibration of spectral
irradiance at 300mm was performed at the Heraeus labs. However, the spectral irradiance mea-
surements only go down to 200nm so we are unclear how much the lamp trails into harder UV.
To estimate the power below this wavelength we fitted a simple Lorentzian function to the data,
y = y0 +
2A
pi
w
4(x− xc)2 +w2 (2.11)
although this is unlikely to be exact as there is likely some asymmetry in the power at lower
wavelengths it will give us a rough estimate for our results, especially as we are mainly inter-
ested in comparative measurements.
Figure 2.9: Calibration data for the deuterium lamp from Heraeus Fitted using a simple
Lorentzian function
2.5.2 1st LED Housing
Another light source used was a housing which contains 2 white light LEDs, 2 blue light LEDs,
and 2 individual UV LEDs at different wavelengths. These LEDs were procured through Thor-
labs and table 2.3 shows their specifications as given by the manufacturer. In this section, we
will attempt to get a full calibration of each of these LEDs although the white LED is only used
as a reference light source to show that no signal is achieved for the visible spectrum for our
detectors.
Full spectra of the LEDs was obtained using a miniature spectrometer from StellarNet Inc. which
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produces a spectrum in terms of counts. The spectrum of normalised counts minus the back-
ground measured for the UV LEDs (206W, 300W & 370W) is shown in figure 2.10a and figure
2.10b for the White LEDs (LEDWE-15). For the 260W LED, the peak wavelength is around
262nm, 299nm and 372nm for the 260W, 300W and 370W LEDs respectively. The white LED is
a convolution of 2 different peaks as mentioned in the specifications, the two peak wavelengths
are 454nm & 554.5nm. These values match very well with those from table 2.3.
Name Total Optical power (mW) Peak Wavelength (nm) FWHM
LED260W 0.3 260 12
LED300W 0.5 300 12
LED370E 2.5 375 10
LEDWE-15 (peak1) 13 450 20
LEDWE-15 (peak2) 13 560 50
Table 2.3: LED specifications of LEDs in the 1st housing shown in figure, the last LED,
LEDWE-15 is a white light LED whose spectrum consists of two distinct peaks, therefore the
optical power quoted relates to the power from both peaks
(a) (b)
Figure 2.10: Measured normalised spectrum of a) UV LEDs (260W, 300W & 370W) and b)
White LEDs (LEDWE-15)
The next step in the calibration of these light sources is to convert the counts from the spectrom-
eter into irradiance at a particular point. One way to do this is to use the manufacturer’s total
optical power measurement and multiply through by the normalised counts to get a radiance.
We can then use the manufacturer’s specification of a half viewing angle of 60◦ to get a irradi-
ance at a specific distance, by a simple geometrical calculation, Irradiance=Power/Area where
Area=pi(xtan(θ))2 where x is the distance of a point from the light source and θ is the half-
viewing angle.
However, to attempt to get a more accurate value of irradiance we also measure the power
ourselves using a simple powermeter from Thorlabs. The responsitivity calibration of the pho-
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Figure 2.11: Responsivity curve of photodiode powermeter SV120C from Thorlabs.
todiode sensor was given by the manufacturer and is shown in figure 2.11.
The power measurements using this photodiode at a distance of 20mm are shown in figure 2.12,
Figure 2.12: Power measurements of 260W LED using the Thorlabs sensor over a period of
days at a distance of 20mm
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over a period of many days. It can be seen that the power measured is decreasing, this could be
due to a change in power over the lifetime of the LED, change in the responsivity of the power
meter or a combination of the both. Therefore it is hard to say exactly what power is received
from the LED. However we will take the value of 8E-8A that the LED appears to settle to as the
lower limit of light from the LED. This gives us a total irradiance of 0.1344W/m2 at a distance
of 20mm, which using the simple geometrical approximation used before would give us a total
power of 0.5mW which is actually higher power than the manufacturers specifications. The rea-
son for this is probably the assumption that the power density is uniform across the illuminated
area is wrong, with more power being focused centrally in the direct line of sight from the LED.
For future use of the irradiance from this LED we will use a simple inverse square law on the
value at 20mm to estimate the photon flux at any particular distance.
2.5.3 Pond cleaning Lamp
Another UV light source that is used is a pond cleaning lamp. This light source had no doc-
uments eluding to its emittance in wavelengths or optical power. As in the case of the LED
housing we also used the StellarNet spectrometer to get a spectrum of the pond lamp, it can
be summarised that this lamp is a low pressure Mercury vapour lamp due to its characteristic
dominant emission line at 253.7nm.
As there is no power given by the manufacturer, we have to rely on the power measurements
using the Thorlabs power meter. Which on average at 50mm distance gave a power reading of
1.455E-4W, which gives the irradiance shown in figure 2.13
2.5.4 High Power LED
The final light source used is a high power ball lens LED from Thorlab called 250J. According
to the manufacturers specification this LED has a central wavelength at 250nm, FWHM of 12m,
and a minimum optical power of 1mW. Also due to the ball lens the LED has a much smaller
half viewing angle of 7.5◦, with most of its intensity being focused into even smaller angles
than this. Figure 2.14 shows the typical far field intensity distribution for this LED as given by
Thorlabs.
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Figure 2.13: Calculated irradiance spectrum using the spectra measurement using StellarNet
spectrometer and Thorlabs power meter at a distance of 50mm
Figure 2.14: Typical far field intensity distributon for 250J LED from Thorlabs
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Chapter 3
Study of Gaseous Electron Multiplier
Operating Conditions
3.1 Introduction
The signal from the GEM element can be expressed as
IP = e× ε×M×φi, (3.1)
where ε is the quantum efficiency of the detector, M is the multiplication factor (or gain) of the
GEM element, φi is the incoming photon flux impinging upon the photocathode and e is the
charge of a single electron.
The quantum efficiency (ε) of a detector can be further broken down into two separate ele-
ments: the quantum yield (QY), the number electrons emitted per incident photon and the elec-
tron transfer efficiency (ETE) i.e. the probability of an emitted electron being transferred to the
multiplication region. ETE is assumed to be dependent only on the reduced electric field (E/P).
In this chapter the operating conditions of the basic ThGEM design and a novel design called
the Gaseous Gap Electron Multiplier (GGEM) are investigated. The output photocurrent will
be measured for different GEM elements exposed to UV light, which will give us effective gain
comparisons, as the quantum efficiency is assumed to stay roughly the same under stable con-
ditions and a constant high voltage bias. Although variations in quantum yield (QY) will occur
between samples, the assumption that the QY is similar for materials under same conditions
should allow reasonable comparison between the structural properties without the direct mea-
surement of QY. To further improve our results it would be useful to first get direct measurement
of either gain of the detector or QY of the photocathode for each element to be tested. Direct
measurment of QY of the photocathodes is discussed further in chapter 5 and the direct mea-
surement of gain in the ThGEM devices is out of the scope of this thesis.
The relative gains of various ThGEM devices will be measured with different structural prop-
erties and under different gaseous conditions to get experimental data on the effect of such
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properties on both the total signal and stability over time, comparing these results to those found
in the literature.
3.2 ThGEM Fabrication method
The ThGEMs used in this thesis are made in house, out of printed circuit board via a simple UV
lithographic method, where the board is exposed to UV light and subsequently etched using a
bath of heated ferric chloride. Any pattern required can be made by a mask printed on transpar-
ent paper which will protect the copper that is required from the etchant.
An example mask used is shown in figure 3.1, this allows us to make a batch of ThGEMs from
one PCB board, a similar mask is then used on the bottom side. On these masks there is a single
connector, which will be on top and bottom on either side (One for the HV input and one for
the photocurrent output). Holes are pre-etched into the copper to help reduce burrs when me-
chanically drilling. If hole diameters are drilled which are larger than these etched holes, burrs
can cause the ThGEMs to spark at voltages as low as 1kV, possibly even before any reasonable
signal is measured. Also, due to sparking at the edges a gap between the edge of the GEM and
the edge of the copper electrode was also introduced into the etched pattern.
Figure 3.1: UV photolithographic mask for the etching process in the manufacturing of
ThGEMS
Individual ThGEMs are then cut out using a dremel saw and holes are mechanically drilled into
the FR-4. As the holes are drilled by hand it is expected this will cause some non-uniform op-
eration, but can be taken as a worst case for operational stability. To improve the stability of the
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ThGEMs laser or CNC drilling can be used to improve hole quality and make sure the etched
rim is centred around the hole.
The standard cleaning process is to submerge the ThGEMs in a 50:50 mix of acetone and iso-
propanol and use an ultrasonic bath for 3 to 5 minutes. The remaining solution is then dried off
with a nitrogen gun. However other methods of cleaning the surface were also implemented, for
example we also polished the surface of some of the ThGEMs with solution of Brasso. ThGEMs
which had been polished showed a large increase in the photocurrent measured for a given high
voltage bias. The effect of different cleaning methods on the work function and photocurrent
measured is discussed in more detail in chapter 4 and 5.
3.3 Leakage Current and Noise
The leakage current is the current that flows from one electrode to another through the dielectric
when the HV bias is applied. If this current is large then it can affect the accuracy of the detector.
As such in this section this current is measured to investigate if it is a potential problem for
ThGEMs fabricated from PCB.
Figure 3.2, shows the leakage current measured as a function of the HV bias across a standard
Figure 3.2: Leakage Current of ThGEM as a function of Bias
PCB ThGEM. It can be seen that although the leakage does increase with an increase of HV
bias. The actual amount of current is very small and is smaller than other experimental errors
and therefore for the most part can be ignored. The signal measured under illumination will be
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subtracted from the signal when the light is turned off therefore negating the adjustment needed
from any leakage current.
The amount of electrical noise present in the detectors is also important as this will have an effect
on the sensitivity, as a signal to noise ratio of greater than 1 is needed to measure a signal. The
electrical noise before and after a lowpass filter are shown in figures 3.3a and 3.3b respectively.
The average noise under no illumination is about 44.8mV±1.4mV, however most of this noise
is at 50Hz from mains hum and can be filtered out. After a lowpass filter of cutoff 40Hz, the
noise is reduced to 4± 2mV or 0.4± 0.2pA. Extra noise can be present when a light source is
placed in front of and close proximity to the detector due to electromagnetic pickup. However,
fluctuations in gain or incident photon flux are expected to be the primary sources of uncertainty.
(a) (b)
Figure 3.3: Electrical noise from ThGEM under HV bias but with no illumination before (a) and
after (b) 40Hz low pass filter
3.4 Gain Stability
An important part of the detectors performance is how stable the gain is over long operation
periods. If the gain fluctuates over time, it will be difficult to quantify the light incident on the
detector without constant calibration, the device may also drop to a sensitivity too low to detect
what it is intended to, or it may increase to a gain that will cause a spark breakdown. This will
obviously effect the detector’s usefulness in applications where it is expected to be run over long
periods.
In this section we will quantify the timescales and intensity of the short and long term gain
fluctuations and attempt to find what the main causes of gain variations are in a sealed detector
environment. Many factors may effect the response of the detector and cause variations over
time, such as: small amounts of gas contamination, often from outgassing of components under
HV bias; a change in ambient conditions such as temperature or humidity of the room, which
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can change the pressure or humidity inside the chamber; charging up of insulating material or
build-up of space charge in the gas, resulting in a change in the overall electric field strength. The
variety of parameters effecting the gain stability and their difficulty to measure/control means
that studies on the effect of these parameters on long term gain stability are not easily repro-
ducible.
It is assumed that in a sealed detector environment that the charging up of surfaces exposed
to drifting charge carriers and the polarization of the dielectric volume are the primary factors
causing gain variation. Further information on the charging up effects in GEMs and studies in
literature has been previously mentioned in section 1.4.5.
3.4.1 Photocurrent Measurements
In figures 3.4a & 3.4b the long term response is shown for a single ThGEM under different HV
biases.
(a) (b)
Figure 3.4: Long term signal from standard ThGEM under illumination from deuterium lamp
for over a period of a) 1 hour and b) 0.1 hours
This ThGEM is made from the standard pattern of 1.2mm etched holes with 2.5mm pitch and
has 1.2mm diameter holes with no etched rim. The signal from the ThGEM has a short and long
term rising behaviour for all three different voltage biases. This goes against the standard belief
that gain should drop due to lateral diffusion of charge carriers due to the electric field, however
as mentioned in section 1.4.5, rising behaviour has been attributed to charging up in dielectric
rims around the holes. Whilst in this design there should be no rims due to drilled hole diameter
being the same as the etched hole diameter, there will be some inaccuracies in manually drilling
holes and therefore small dielectric rims around the holes could still be present.
The 1.2kV trace also appears to rise and then drop to settle off over the period of an hour. This
shape matches that for a negative induction field (all ions collected on bottom electrode) from
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Pitt et al. [64]. Which would agree with our case as we do not have a seperate electrode for
measurement and therefore most of the ions will be collected on the bottom electrode, causing
extensive charging up of the bottom electrode as well.
For the high voltage bias (1.5kV) the long term response also shows rising behaviour even over a
period of 4000s. This could be due to an increase in the characteristic timescale of the charging
of the top rim, which is also suggested to increase with gain and inverse of ETE, as shown in
equation 3.2, taken from Pitt et al. [64] which shows the ratio of the characteristic time for
increase in gain and decrease in gain,
τup
τdown
∝
G×ET E
(1−ET E) (3.2)
where τ is the characteristic timescale for rise and drop in gain, G is the gain and ETE is the
electron transfer efficiency.
Therefore at higher biases it appears that the rising behaviour (attributed to charging of the di-
electric rim on the top surface) dominates, causing the signal to rise, this is also a long process
as the characteristic timescale increases with the gain of the device.
Renous et al. [98] also noticed that the performance of pre-used electrodes which had been
Figure 3.5: Photocurrent of Brasso polished ThGEM over a period of days under illumination
of deuterium lamp. 1st number in the legend is number of days and second number is the bias.
Between 1 day and 3 days the ThGEM was removed from the chamber.
exposed to radiation induced avalanche multiplication were found to perform differently. This
has also been found to be true for our ThGEMs as well.
An example of this behaviour is shown in figure 3.5 which shows the response of a single
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ThGEM over a period of a few days. The first measurement was taken at a bias of 1.6kV, as this
was the HV required before an initial signal was visible. The bias was chosen for later days to
have a similar photocurrent, as the original 1.6kV bias caused the signal to saturate the amp.
From this figure we can see there is a large increase in signal between 1 and 2 days and 3 and
4 days, the signal also dropped when the ThGEM was removed from the chamber and placed
under nitrogen flow (between 4 days and 6 days). This could be because removing the device
effectively removed the charge from the electrode, much like the initialization step in Renous et
al. [98] which used an anti-static gun flushing the ThGEM with 1 minute jet of ionised nitrogen.
Both the long term rising over periods of hours and the effect of the charge history of the elec-
trodes leave some difficulties in comparative measurements of signals as the characteristic time
in which it takes for signal to settle off depends on each individual ThGEM, therefore enough
time is needed to let the signal settle before comparing the response from different ThGEMs and
their varying properties. However, this can be a very long time as shown in figure 3.5 where the
initial rising shows no signs of settling off even after 2 and a half hours. Also as shown in figure
3.5, if a sample is left in the chamber it can have a drastically higher signal the next day.
In all our experiments following we have taken care to wait until the signal has settled to a point
where it is not visibly rising or falling over time periods of interest. To further ensure that the
rising in the gain does not effect measurements, recalibration of the signal can be performed
after any experiment to check that the signal has not risen noticeably over the time period that
the detector was being used for. Also when taking measurements, new samples are used to limit
any affect from charge recollection.
Although this large long term rising effect is seen as mostly a negative aspect of the detector
operation (due to its limitation on accuracy immediately on start up) the effect can be used to in-
crease the gain of the detector and measure low photon fluxes that may have been hard to detect
before. As shown in figure 3.5 after a few days the signal is as high as 300pA at a bias of 0.8kV
where it was completely undetectable at this voltage on immediate start up. Also the long term
signal is noticeably more stable than the other days, most likely due to the fact that the ThGEM
is now being operated at a lower voltage bias.
3.4.2 Gas Contamination
A possible contributor to the overall gain stability is the gas mixture or amount of contaminants
in the gas. Contaminants in the chamber can be from residual material in the chamber (i.e. con-
densation) or from outgassing of the components during operation.
To investigate the effect that contaminants have on the overall gain and its stability, the larger
chamber was cleaned thoroughly and then baked overnight to remove any contamination. The
old rubber hose normally used to transfer the gas was switched for a stainless steel gas line and
the chamber was kept either vented with argon (when removing the window) or sealed in argon.
However no noticeable difference was noted, this suggests that the gain instability is mainly
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related to the detector element itself. This could be the charging up of the dielectric mentioned
earlier, build up of space charge effecting the local electric field in the ThGEM or the compo-
nents of the detector outgassing during operation.
Argon gas was also left flushing through the chamber for 12hours before measurement compared
to the standard few minutes. However this was found to have no noticeable effect on the pho-
tocurrent measured nor the rising effect over long time periods. As such it can be concluded that
if small amounts of gas contamination do have an effect on the stability or gain of the detector it
is much smaller than other effects.
To check the amount of outgassing of the components during operation a smaller chamber was
Figure 3.6: Smaller chamber used for mass spectrometry measurements
attached to a mass spectrometer, as shown in figure 3.6. This chamber was fitted with the normal
PTFE table used in the other chambers and was attached to a mass spectrometer. This chamber
was flushed with argon and then slowly pumped down overnight to viable operating pressure for
the mass spectrometer. Then the ThGEM was placed under a 1kV bias and the gas was measured
over a period of 14 hours.
The data taken is shown in figure 3.7a and 3.7b for over a period of 2 and 14 hours respectively.
The main 2 contributors to the gas are at 40 amu and 28 amu, these will be mostly from Argon
and Air respectively. Other branching fractions of 20 amu for Argon and 32 amu and 14 amu
for Air can be seen. The only other noticeable contribution is at 18 and 17 amu which is most
likely from water in the system.
First thing to note is that this experiment is not respective of our operation conditions as Argon
is flowed into the detector even when it is sealed off so any drop in pressure is filled by Argon
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and air should not leak in. Whereas in the case of this smaller test chamber, once it was sealed
it was left so the increase in air and water content after about 3 hours is most likely not as pro-
nounced in our detectors and also unlikely to account for the difference seen in gain over these
time periods as mentioned in the previous section.
(a) (b)
Figure 3.7: Mass spectrometry measurement of residual gas in chamber over a)2 hours and b)14
hours
3.5 Gas Properties
3.5.1 Pressure
Pressure also has a large impact on the gain of the detector. It is well known that by increasing
the pressure the maximum gain possible decreases with increasing pressures from atmospheric.
Figure 3.8 shows how the signal changes at pressures lower than atmospheric pressure, for a
15mmx15mm Gaseous Gap Electron Multiplier or GGEM (which will be discussed later) under
illumination from deuterium lamp. The chamber was pumped down with a rotary pump and
slowly filled with pure Argon. The figure shows the bias needed to achieve a 300mV signal, as
the pressure increases the bias needed to achieve the same gain increases.
Figure 3.9 shows how the signal changes for a standard ThGEM as the pressure is increased for
pressures above atmospheric pressure. Most of the measurements for the rest of the thesis are
done at sealed pressures of 1.4bar as this results in a large measurable signal, as can be seen
from the figure.
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Figure 3.8: Bias needed for 300mV signal under deuterium lamp for increasing pressure
Figure 3.9: Photocurrent measured as function of pressure under illumination of deuterium lamp
3.5.2 Gas Mixture
Figure 3.10 shows the response of a single ThGEM under two different gas mixtures: pure argon
(> 99.9%) and an argon/CO2 90:10 mix. These ThGEM were illuminated by the deuterium lamp
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at the same voltage bias (0.8kV). As shown in the figure, in general the ArCO2 shows a reduction
in photocurrent measured. Also one might expect that with the addition of CO2, which acts as
a quencher, that any run-away charge build up in the gas might be reduced. However it is clear
from the figure that the long term rising behaviour is not removed, and in this case appears to
actually have increased. As such most measurements will be performed using the pure Argon
gas, as this results in the highest signal.
Figure 3.10: Comparision between two gas mixtures (Pure argon and Argon/CO2 mix) at same
HV bias under illumination of deuterium lamp
3.6 Geometrical Properties
Shalem et al. [99] presented a study of the signal from ThGEMs at atmospheric pressure with
different geometrical parameters such as: thickness, hole diameter, etched rim and pitch. In
this study it is stated that with decreasing hole diameter the electric field becomes more focused
in the hole increasing the amount of multiplication in the hole. However, it is also stated that
optimal geometrical parameters for maximum expected gain is t/d ∼ 1 where t is the thickness
and d is the diameter of the hole, due to a trade-off with the electron collection efficiency.
In this section of the thesis we will attempt to investigate the change in the effective gain of
our ThGEMs by varying different geometrical parameters and comparing these changes to that
found in the current literature.
Figures 3.11a and 3.11b show the measured photocurrent from ThGEMs with different hole
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(a) (b)
Figure 3.11: Photocurrent measured under illumination of deuterium lamp for solvent cleaned
samples with varying hole diameters, with different pitch masks used: a) 2.5mm and b) 3mm.
The dimensions in the legend represent the diameter of drilled holes
diameters which have been mechanically drilled. Two different UV masks were used: the nor-
mal 1.2mm diameter with 2.5mm pitch as shown in figure 3.1 and a similar mask with 1.5mm
diameter and 3mm pitch, this mask will have 9 holes in a 3x3 square array, instead of a hexago-
nal array of 14 holes. However as these designs have very similar active photocathode areas, we
will not take into account any change in the incident flux on the surface.
Various hole diameters were mechanically drilled into these two different patterned ThGEMs,
therefore the size of the etched rim around the hole depends on the size of the hole drilled and
the pattern used i.e. a 1mm diameter hole drilled into the 2.5mm pitch pattern would result in a
rim of thickness 0.1mm but in the 3mm pitch design it would result in a 0.25mm thick rim.
For all the measurements the mean output current is taken after the response appears to not be
varying over a period of 1000 seconds. Also the ThGEMs measured in this figure were new so
should not have any ’charge recollection’ as mentioned in section 3.4.1. We are also focusing
on the relative gain differences due to the electric field of the devices as we change the structure,
as such, the QY of the photocathode surface has been ignored and assumed to be the same for
the same cleaning method and age.
It appears that in general the ThGEMs with the 3mm pitch pattern (from figure 3.11b) have lower
photocurrent values than the 2.5mm pitch pattern ThGEMs (from figure 3.11a) at the same HV
bias. This is probably simply due to the fact that there are less holes in the 3mm pitch pattern,
9 instead of 14. If these are viewed as separate multiplication channels that have the same gain
then the 3mm pitch pattern should on average have 9/14 times lower signal, however the signal
difference between the two 1mm hole diameters is larger than that. A possible reason for this
reduction could be due the much larger rim and larger spacing for the 3mm pitch design which
could lower ETE and therefore the output signal.
It would suggest that the larger number of holes on the ThGEM surface the higher the resultant
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gain, and therefore signal, would be. However, there will be a trade-off between number of holes
and the active photocathode area. As these two patterns happen to have similar photocathode
area the effect of a decrease number of holes is more prominent.
It can also be seen from the two figures, that the larger hole diameter have higher signal at lower
(a) (b)
Figure 3.12: Difference in photocurrent measured under illumination for different hole diameters
for Brasso cleaned samples. For the two pitch patterns, a)2.5mm and b)3mm
HV biases (before rising effects take over). This suggests that the optimum t/d 1 is correct as the
thickness of the ThGEMs is 1.6mm so the larger hole sizes appear to give a large signal, despite
the fact that the electric field will be less focused in these holes.
Figures 3.12b and 3.12a show the photocurrent measured for samples mechanically polished
Figure 3.13: Difference in photocurrent measured for a ThGEM with 0.8mm diameter, 2.5mm
pitch but with different etched rim thickness
using Brasso, which was found to increase the photocurrent measured. Just like the hole compar-
ison for samples cleaned in solvent solution in general the 3mm pitch pattern has lower signal.
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However in opposition to the solvent cleaned samples the smaller hole diameter of 0.8mm has
a higher signal than the larger hole diameter of 1mm for the 2.5mm pitch pattern, this is most
likely due to the rising signal present which adds significant error to the photocurrent measured
using this method.
To investigate the effect of rim size on the output signal, another mask was created which was
Figure 3.14: Photocurrent measured for 0.8mm thick ThGEM under illumination of deuterium
lamp for different hole diameters
Figure 3.15: Response as function of time for 0.8mm thick ThGEMs with different hole sizes
under illumination of deuterium lamp
identical to the 2.5mm pitch pattern except the hole diameter in the mask was 1mm instead of
1.2mm. Figure 3.13 shows the difference in signal between these two different ThGEM patterns.
It can be seen that the pattern with the smaller etched rim has a larger signal, despite the presence
of the rim causing a rising signal and therefore a larger signal measured as mentioned in section
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3.4.1. This might be because the increase in rim size could reduce the collection efficiency.
Figure 3.14 shows the photocurrent measured for ThGEMs with 0.8mm thickness, 1.6mm pitch
and 2 different hole diameters 0.6mm and 0.8mm. It can be seen in this figure that the ThGEM
with 0.6mm hole diameter has a much larger signal, this again appears to be at odds with the op-
timum t/d 1 stated by Shalem et al. [99]. However from Figure 3.15, which shows the response
as a function of time for these 2 different ThGEMs, it can be seen that the ThGEM with 0.6mm
hole diameter has a much larger rising behaviour which can be attributed to the charging up of
the dielectric rim around the hole. This suggests that having an etched rim of 0.1mm thickness
leads to the most amount of rising behaviour and therefore results in a larger signal after it set-
tles, which could explain the deviation from the optimum approximation t/d 1 especially higher
HV bias.
3.7 Gaseous Gap Electron Multiplier
In an attempt to investigate the effect of the FR-4 as a dielectric in the GEM device we con-
structed a new table out of Polyether Ether Ketone (PEEK) which was used to clamp two sep-
arate metallic foil squares with holes laser drilled into the surface, effectively creating a GEM
device without the insulating dielectric structure in between the electrodes. Also by fabricating
the holes using a laser drilling method we eliminate any worries about burrs, misalignment of
the holes or etched rims and their subsequent effect on the gain. This device is coined in this
thesis as a Gaseous Gap Electron Multiplier (GGEM).
3.7.1 Leakage Current
Figure 3.16: Comparative leakage current between 1.6mm ThGEM and 0.8mm GGEM
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As in section 3.3 the leakage current of the new GGEM device is measured. In figure 3.16, the
results of a GGEM with 0.8mm multiplication gap is compared to a standard 1.6mm ThGEM in
figure 3.16. It can be seen that despite the removal of dielectric between the electrode plates the
leakage current is still similar if not larger. This is most likely due to the fact that the GGEM
plates are in contact with the PEEK material of the table.
3.7.2 Photocurrent Measurements
Gain Stability
As for the normal ThGEMs we will first investigate the long term gain stability. It is expected
that due to the removal of dielectric around the holes in the device and therefore the removal of
any possible exposed dielectric around the holes to charge up, that the rising in signal attributed
to charging of the etched rims of ThGEMs should no longer be present.
Figure 3.17 shows the response of a GGEM with 0.8mm multiplication gap, 0.8mm diameter
Figure 3.17: Response over long time period comparison between GGEM and ThGEM of same
dimensions
holes with 1.6mm spacing at a a bias of 0.8kV under illumination from deuterium lamp com-
pared to a normal PCB ThGEM of same thickness, hole layout and voltage bias.
There is still substantial rising in signal over a long time period, in figure 3.17. However the
long term rise appears to be a different shape to the exponential rise from the ThGEM and ap-
pears to settle to stable values at a shorter timescale than the standard ThGEM. This suggests
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that although the exponential rising in the signal (most likely due to charging up of the dielectric
rims) is removed, there is still another long term rising mechanism involved.
A possible explanation for this is that the PEEK table used to clamp the 2 metallic plates could
charge up in a similar manner to the etched rims. This would also explain why the rising be-
haviour is different or happens at shorter timescales due to lack of etched rims in GGEMs.
As well as the long term rising signal over a period of hours, the GGEMs also increase in signal
Figure 3.18: Response of GGEM under illumination of deuterium lamp for electrodes left in the
chamber over period of days. The number on the left of the legend shows the number of days
that the GGEM is left in the chamber and the number on the right shows the HV bias applied
when left in the chamber without any bias or illumination as shown in figure 3.18, just as in the
case of normal ThGEMs.
To fully investigate the effect of charging up of dielectric material complete removal of any di-
electric material in contact with the metal contacts is required. This is difficult to implement in
practice as the two electrodes need to be electrically insulated from each other whilst maintain-
ing structural stability.
There also appears to be a large difference between the small and large chambers in terms of
both gain stability and relative gain. Figure 3.19 shows the same GGEM used in figure 3.18 but
placed in the larger chamber. It can be seen that in this figure that the size of the rising in the
large chamber appears to be much larger. Both setups use a table made of PEEK to mount the
GGEMs in a similar fashion, further clarification and control of the various parameters effecting
gain stability needs to be reached before we can say with certainty what is causing the rising
gain behaviour observed.
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Figure 3.19: Photocurrent as function of time for GGEMs in the larger chamber under illumina-
tion of deuterium lamp
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Figure 3.20: Average photocurrent curves for ThGEMS and GGEM.
Figure 3.20 shows the comparison between photocurrent curves of the GGEMs compared to
0.8mm thick PCB ThGEMs with the same pattern etched into the copper with 0.6mm holes that
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are mechanically drilled into the surface. The surfaces of both the ThGEMs and the GGEMs
were polished with Brasso to get the highest signal possible. The GGEM responses have been
multiplied by the ratio of the active photocathode surface areas.
In figure 3.20 the GGEMs and ThGEMs appear to have similar responses, although the gain of
the ThGEMs increases more rapidly with higher voltages. The main expected reason for the two
structures to be different is the difference in the charging up of the top etched rim in the 0.8mm
thick ThGEM. The slightly higher gain at lower biases (i.e. 0.5kV) of GGEMs is most likely
due to an improved signal due to the extra yield from secondary photon effects.
Figure 3.21 shows the response of a much larger area GGEMs of 2.8cmx2.8cm. These GGEMS
have a multiplication length of 0.8mm and hole sizes of 1.2mm and 1.6mm instead of 0.8mm
of the smaller GGEMs. Both GGEMs are under a bias of 0.3kV and have a response of over
600pA for the 1.2mm diameter holes and about starting to settle at around 370pA for the 1.6mm
diameter holes.
The current measured for the larger GGEMs is much larger than the smaller GGEMs. However,
there are also larger fluctuations in signal compared to the smaller GGEMs, vibrations and mi-
crophonics could be likely cause of this extra noise.
Figure 3.21: Response over time of the larger 2.8cmx2.8cm GGEM
3.8 Conclusions
In this section we have investigated the long term stability of both ThGEMs and GGEMs with
different structural properties. In all cases there is always a large rising signal for new elec-
trodes, with varying timescales from several hours to a much longer period of several days. This
appears to match the hypothesis from Alexeev et al. [62] that gain stabilization is reached after
the slow processes of charges moving within the dielectric along the electric field lines, which
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can take on the order of days.
It has been suggested by Pitt et al. [64] and others that the long term increase is due to the charg-
ing up of the etched rim on the top electrode from electrons accumulating on this rim increasing
the electric field strength. However, this rising behaviour has also been shown to be present
for our novel GGEM devices where there is no dielectric in between the electrodes much less
any etched rims. This suggests that the hypothesis that the rising signal is due entirely to the
etched rims is wrong. However the charging up of dielectric around the electrode may still play
a part as although there is no dielectric surrounding the holes in the electrode, there is dielectric
surrounding both plates from the table that holds them in place. It is possible that charging up
of this table is what causes the increase in signal.
The speed and size of long term rise in signal appears to increase with higher biases or gains.
This also agrees with Pitt et al. [64] who showed via simulations that the ratio of long-short term
stabilization time is dependent on the drift field as more electrons are collected on the top of the
electrode. Also, while there is still some rising behaviour in GGEMs, the signal appears to settle
off at quicker rate and does not have an exponentially rising signal present in normal ThGEMs.
In fact GGEMs behave in a similar way to ThGEMs with no etched rims, but with a higher initial
signal which could be due to secondary photons adding to the overall multiplication.
As well as the possible contribution of dielectric and the surrounding gas building and retain-
ing charge. It is possible that the change in signal could be due to the gas mixture, i.e. from
outgassing from components. However, flushing the chamber for 24 hours appeared to have no
effect on the rising signal, in contrast to initialization measurements from Cortesi et al. [65].
Baking the chamber to remove residual contamination (such as water) from the chamber before
measurement also appeared to make very little difference to the rising behaviour.
Also in an attempt to measure the amount of contamination from outgassing components we
setup a small test chamber attached to a mass spectrometer. From the data gathered the only
noticeable increase was from air and water, however during the operation of the detector argon
is allowed to flow into the chamber which should reduce the amount of air and water leaking
in. Also as the increase in gain happens almost immediately and is highly dependent on the HV
bias it is much more likely that it is due to the charging up of either the dielectric or gas.
Another piece of evidence towards the rising gain behaviour being not primarily due to the gas
mixture in the chamber is the fact that switching from pure Argon to an Argon/CO2 mix (90:10)
did not limit the rising signal, instead it appeared to only lower the gain at a given bias.
Also an important discovery made was that the signal increases for ThGEMs or GGEMs left
in the chamber even if they are no longer under HV bias or illumination by light source. This
suggests that the electrodes retain a history of their operation unless they are removed from the
chamber. Whilst the reason for this is unknown it has also been discovered by Renous et al. [98]
who suggested that flushing the electrode with 1 minute of ionized nitrogen removed the charge
stored in the electrode. However, as this behaviour is also found to be present in GGEMs it must
be the table itself as well as the dielectric between the plates that stores the charge.
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Shalem et al. [99] suggested that the optimal geometrical properties for maximum gain is
t/d ∼ 1. However this does not appear to be the case with often slightly smaller hole diam-
eter giving higher measurable photocurrent. However the error in measurement of exact values
of photocurrent or relative gain is quite large due to the size of the large term gain fluctuations.
Also as mentioned previously the size of the etched rim effects the gain along with its stability,
therefore to get a proper comparison of structural properties removal of etched rims and better
control of the operational conditions is needed.
Two different photolithographic masks were used to create hole patterns of 2.5mm pitch and
3mm pitch. The 3mm pitch pattern was shown to have smaller output signal, this is expected to
be because of the decrease in the number of holes or multiplication channels. Therefore there
will be an intrinsic trade-off between the active photocathode area and the number of holes in
the ThGEM structure.
The amount of etched rim around the hole appears to also effect the signal, with smaller etched
rims ( 0.1mm thickness) having more rising behaviour and hence a larger signal compared to
larger etched rims. This could be due to a reduction of collection efficiency of liberated photo-
electrons with the larger etched rim sizes, decreasing the overall gain.
Although it has been mentioned that the long term rise in gain is present in GGEMs, its be-
haviour does appear to have been changed with the signal settling over shorter time periods,
with a less exponential rise present. This could suggest that although the rising behaviour has
not been removed it has been reduced. An explanation for this is that the charging up of the
table that surrounds the GGEM could be causing the rising in the case of GGEMs, however the
removal of the presence of etched rims has reduced the exponential increase seen in ThGEMs.
It has been found that although ThGEMs have a higher signal at higher HV bias (due to the ris-
ing in gain) GGEMs have higher signal at lower HV bias. This is most likely due to an increase
in gain due to secondary photons that are no longer blocked by the dielectric hole walls.
Whilst the mechanisms behind the long term gain fluctuations are still unknown, we have man-
aged to find behaviour that matches that already found in the literature as well as proof that it is
not entirely due to charge accumulation in the rims. Before more detailed structural comparative
studies on relative gain are performed we need to understand the gain variation behaviour better
and get better control over the operational properties. Further reduction in the dielectric present,
i.e. by removing the table holding the GGEM, could allow us to get a better understanding of
the charging up behaviour of the environment.
Although the rising gain behaviour is seen as mostly a negative aspect of the operation of the
device, due to the large errors in calibration and comparison between different parameters. The
rising behaviour can be useful as it vastly improves the signal obtained and once a plateau is
eventually reached the signal is very stable and requires much lower HV bias to achieve the
same output signal.
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Chapter 4
Growth and Characterisation of Metal
Oxides
4.1 Introduction
In this chapter we will investigate different potential materials for reflective UV photocathodes,
in the UVC range (100nm to 280nm). By using a Kelvin probe to measure the work function and
XPS for chemical composition, we will attempt to characterise how both the growth conditions
and storage of photocathodes effect their chemical structure and optical properties.
We will also investigate how to effectively tune the work function and therefore the cut off
wavelength of our detectors, either by controlling the growth conditions, addition of adsorbates
onto the surface or by controlling the stoichiometry of metal alloys grown in vacuum. By hav-
ing control over the work function of the photocathodes we will be able to determine different
wavelengths using multiple photocathodes in a single detector.
The UV photocathodes most commonly used in particle physics consist mainly of either CsI,
CsBr or Cs2Te [100]. These photocathodes often come with the downside of requiring complex
fabrication methods and have to be kept under clean vacuum conditions or their quality will
quickly deteriorate. Cs2Te, which is most commonly used for photodetectors has a detection tail
out to 325nm which overlaps with the solar spectrum therefore requiring filters and/or expensive
optics to make the device solar-blind [101]. As such recently there has been movement towards
metal oxide films for solar-blind (SB) UV detection.
Metal photocathodes have been predominately used in high gradient RF guns [102]. Despite
having low QY due to electron-electron scattering, metal photocathodes are useful due to their
tolerance to vacuum contamination allowing them to be installed at atmospheric pressures and
they can survive years at the high cathode fields required to produce high brightness beams.
Although optical properties of clean metal surfaces have been well understood and investigated
[103, 104], native metal oxides have not been widely used. As such in this section we will in-
vestigate the potential usefulness of native metal oxides as potential UV photocathodes.
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Two metal oxides are investigated in this thesis: magnesium oxide and zinc oxide. Polycrys-
talline magnesium has a work function quoted in literature of about 3.6eV to 3.8eV [105, 106].
Zinc has a work function of around 3.9eV to 4.2eV [107], higher than magnesium and much
more similar to copper. However this means that unlike magnesium it is naturally solar-blind.
Alloying of metal and metal oxides has been used to tune the work function and bandgap of
various materials. Alloys of GaN such as (AlxGa1-xN) have been widely used for emission
and detection of VUV [108]. Whilst alloys of Mg-ZnO have been explored as an alternative to
(AlxGa1-xN) [109, 110, 111]. Wurzite ZnO has a direct wide bandgap of 3.4eV compared to the
much larger band gap 7.8eV of MgO, therefore the bandgap of ZnO can be easily tuned by ad-
dition of small amounts of Mg. Also as Mg ions have similar radii to that of Zn ions there is less
strain and efficiency drop off concerns with increasing Mg content when compared to (Al)GaN
alloys [112] and corresponding Al contribution. However, increasing the Mg content shifts the
structure of the alloy from the hcp phase of ZnO to the fcc phase of MgO which is much more
insulating and less suitable for device applications [101]. Bandgap engineering deeper into the
UV spectrum has also been demonstrated by additional alloying with Al [113].
4.2 Copper
In this section, by measuring the work function of the standard copper surface of the PCB that is
used to manufacture ThGEMs and using XPS data to investigate its chemical composition, we
will investigate how different cleaning methods effect the oxidation state of the copper surface
and, in turn, how this effects the work function measured.
4.2.1 Work Function Measurements
Many different factors can affect the work function measured and throughout the literature there
is a large variance in the expected value. The work function of copper for clean polycrystalline
copper is given as around 4.5eV by multiple references [114, 115] but can vary from 4.4 to
4.8eV [116, 117] with the surface roughness and strain on the surface. The absorption of oxy-
gen is also known to cause the work function to increase anywhere from 0.125eV to 0.675eV
for single crystal faces [118] and Cu2O has been quoted to have a WF as high as 4.84eV [119].
As such it is difficult to know exactly what work function our copper surface will have and we
have to rely on our KP measurements and calibration performed in section 2.2.4.
As mentioned previously by polishing the copper surface with Brasso, instead of the standard
solvent cleaning method using in the fabrication of the ThGEMs, the photocurrent measured
increases significantly. To investigate this effect further we will look at the CPD of the copper
surfaces using the different cleaning methods.
Table 4.1 shows the average CPD and WF measured using the KP for copper surfaces under
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different cleaning processes: A 5 minute ultrasonic bath of 50:50 acetone and isopropanol so-
lution is always done first to remove the photoresist from the PCB then the surfaces are either
polished with Brasso or subsequently cleaned with a solution of 5% Micro-90 cleaning solution
and distilled water in an ultrasonic bath for 5 minutes.
From the table it can be seen that the main source of error is the determination of the tip work
Cleaning Method CPD (mV) Error WF (eV) Error
Solvent -180 20 4.52 0.07
Brasso -260 30 4.44 0.08
M90(5%) -660 25 4.04 0.07
Water -50 10 4.65 0.07
Table 4.1: CPD measured for copper surfaces under different cleaning methods
function (0.07eV). With the error during measurement and between samples of similar condi-
tions having a smaller error.
The solvent cleaned copper has a very similar WF to that found for clean polycrystalline copper
in literature [114, 115], where Brasso cleaned copper showed slightly lower WF, but still within
error.
Interestingly, the samples cleaned in the micro90 solution resulted in much lower measured WF,
this could be due to the absorbed water on the surface, as it has been shown that this can reduce
the WF significantly. However, Cu surfaces cleaned in standard solvent and following distilled
water bath showed a higher WF in contrast to the literature [120, 121] where the work function
is shown to decrease as much as 1eV for water absorbed onto clean copper surface.
As well as absorption of water, oxygen and other contaminants can cause significant changes to
the work function measured, there is often a large variation across different patches on a surface
as shown by figures 4.1a & 4.1b which show the CPD measured over several points on the same
sample surface for solvent cleaned and Brasso polished Cu surface respectively. The time in
between each measurement was small, so significant changes due to absorption of contaminants
are unlikely.
The standard deviation across a single sample is about 30mV for both samples, however for
some samples this deviation can be even larger especially in the case of vacuum grown samples
that can sometimes have non-uniform or patchy films. The size of this variance across a sample
limits the ability to detect small work function changes on a sample, without having multiple
scans across the sample surface or measuring the exact same position on the sample.
Despite causing a large increase in the QY, the WF of the polished copper surfaces is similar
to fresh copper samples cleaned in solution. Further proof of polishing not affecting the work
function of the copper surface is that polishing already measured solvent cleaned copper surfaces
showed no measurable change. This suggests that the improvement in response is not due to a
shift in the work function as any change measured is too small to explain the amount of extra
output signal achieved. Therefore, it is more likely that the quantum yield has been increased
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(a) (b)
Figure 4.1: CPD variations across a single copper sample for a) Solvent Cleaning & b) Brasso
polished surface
instead, by a change to either the surface roughness or composition of the surface. Li et al.
[116], showed a reduction in surface roughness causes the WF to increase. This change has not
been noticed in the WF measurements between solvent cleaned and the polished Cu surfaces.
Therefore the most likely candidate for increase in signal is a change in the composition of the
surface.
Figure 4.2 shows the CPD measurements over a period of 20 days of copper surface both sol-
Figure 4.2: CPD measurements for a solvent cleaned ThGEM over a period of 20 days exposed
to ambient air
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vent cleaned and polished with Brasso exposed to ambient air. It can be seen that there may be
an initial rise in work function, but this happens over a period of around a few days, after that
the work function appears to remain reasonably stable. The initial rise is more noticeable for
Brasso polished samples, with a ∆WF of about 0.1eV.
4.2.2 XPS Measurements
Fitting
The first step in fitting the XPS data is to fit C 1s and perform charge correction off the main
C-C/C-H peak. A value of 285eV was chosen to correct the main peak to, although the value
for adventitious carbon can be anywhere from 284.7eV to 285.2eV [122]. General adventitious
carbon also have peaks at higher B.E.: C-OH and or C-O-C peak can be found around 1.5eV
higher than the main peak with FWHM same as the main peak, C=O can be found 2.8eV to
3eV higher and a O-C=O can be found 3.6-4.3eV higher. An example fitted C 1s for the copper
samples is shown in figure 4.3. Some of the copper samples show a separate peak in the C1s at
around 6eV higher than the main C-C/C-H peak which has been attributed to a type of carbonate.
Figure 4.3: Example of fitted components of C 1s for Cu samples
The metallic peak in the Cu 2p region is agreed to be around 932.6±0.2eV from multiple ref-
erences [123, 122]. Copper also exists in two stable oxides (Cuprous oxide Cu2O and Cupric
oxide CuO).
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Chemical determination of the oxide components from the Cu 2p3/2 region is difficult due to
the overlapping of Cu2O with the metallic peak and CuO with CuOH. However the introduction
of copper oxide and hydroxide results in a satellite peak around 945eV. Borkar et al. [124] sug-
gested that a weak satellite shows presence of Cu2O and a large, broad satellite peak supports
the presence of CuO.
To distinguish the chemical state of the copper oxides the copper auger spectra is also taken and
the modified auger parameter is used to assign chemical state as there is a bigger chemical shift
for the Cu LMM compared to the Cu 2p region.
As in the case of the Cu2p region the Auger spectra has overlapping peaks, a resultant shift to
lower kinetic energies and a broadening of the main peak are indications of the presence of CuO
and Cu2O respectively.
Analysis
To investigate the reason for the large rise in signal from manually polishing the copper surface
with Brasso, we have taken XPS data for both unpolished and polished copper surfaces.
Figure 4.4a & 4.4b show the Cu auger spectra for both solvent cleaned and polished copper sur-
(a) (b)
Figure 4.4: Auger spectra for a) solvent cleaned copper & b) Brasso polished copper
faces. The solvent LMM spectra shows a much wider central peak which has also been shifted to
a slightly lower K.E. which is respective of a larger contribution of Cu2O and CuO, whereas the
larger thinner central peak at about 917eV is more indicative of a strong metallic contribution.
Figures 4.5a & 4.5b show the Cu 2p3/2 region for untreated and treated copper respectively.
The mechanically polished samples have a vast reduction in CuO and CuOH present, the peak
shape for the polished copper matches that for sputter cleaned Cu surface from Biesinger et al.
[122]. The lack of satellite peaks around 938-947eV in the polished copper 2p region is further
evidence of lack of CuO and CuOH, as these satellite peaks are characteristic of divalent copper
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[125].
All the peak shapes for the components in the Cu2p region are GL(30) except the small Cu2O
(a) (b)
Figure 4.5: XPS Cu2p3/2 regions for a) solvent cleaned & b) polished copper surfaces
component in the polished copper substrate which has a peak shape of GL(90) as suggested by
Biesinger et al. [122].
The XPS spectra for the solvent and Brasso cleaned copper surfaces suggest that when the sur-
face is polished with Brasso it removes most of the upper layer of CuO leaving behind pure
metal with small amount of CuO and Cu2O.
We have also taken XPS of copper surfaces cleaned with a solution of Micro-90 and distilled
water. For these samples an extra peak at around 1071.7eV is present in the XPS spectrum. This
has been attributed to a Na 1s peak and it matches very closely what was found in Kishi et al.
[126] for NaCl deposited on Cu(100) surfaces. This is most likely because the cleaning solu-
tion contains 10 to 25% ethylene diamine tetraacetic acid tetrasodium (EDTA-Na4) and some
residual Na is left on the surface after cleaning. Apart from the extra Na 1s region present the
Cu2p3/2 region for M90 cleaned copper surfaces looks very similar to the solvent cleaned cop-
per samples.
It is possible that the Na ions on the surface of the copper results in a surface dipole effectively
reducing the work function measured with the Kelvin probe. As alkali metals have a single va-
lence electron that is weakly bound they are very electropositive and have low work function
[127] and have been known to produce large changes in work function of various metals and
metal oxides [128].
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4.3 Magnesium Oxide Films
4.3.1 Work Function Measurements
As in the case for copper there is some discrepancy for the values of work function stated in the
literature for magnesium and magnesium oxide. For clean polycrystalline magnesium a work
function of 3.66eV has been measured via photoemission in Yuan et al. [106]. Hayden et al.
[105] and Lange et al. [129] both measured the work function for single crystal magnesium
samples with increasing oxygen exposure. They showed that the work function decreased by as
much as 1.3eV for work function measured by photoelectric effect, also for samples measured
by KP the reduction was less than 1eV for Mg(001) and slightly more than 0.5eV for Mg(100).
Magnesium films are grown by PVD using the vacuum chamber described in section 2.1.1.
During deposition the temperature of the crucible is measured and this is how the deposition
flux is controlled.
The flux can be calculated by the Hertz-Knudson equation in section 2.1.1, however we are only
interested in a qualitative comparison of work function measured versus amount of deposition.
It can be seen from the Hertz-Knudson equation that at a given distance the flux at the sample is,
dN/dt ∝
√
T (p∗− p) (4.1)
Using this equation, the measured CPD is plotted against a parameter called ’deposition amount’
in figures 4.6a and 4.6b, which is
√
T (p∗−p) multiplied by the deposition time in minutes. Both
the temperature T and the pressure in the chamber p were measured during growth. The vapour
pressures at a particular temperature were taken from Yaws et al. [130].
From figure 4.6a it can be seen that for samples oxidised under vacuum, the measured work
(a) (b)
Figure 4.6: CPD measured for magnesium oxide films grown via PVD with a) oxidation in
vacuum during growth and b) letting samples oxidise naturally in ambient
function is consistent at about 3.64±0.04eV. Alternatively, figure 4.6b shows the WF of MgO
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films left to oxidise in ambient conditions, instead of being oxidised in vacuum during growth
and the mean WF of these films is 4.15±0.17eV.
The WF for MgO oxidised in vacuum is very close to the expected value of 3.66eV [131].
However, the samples exposed to ambient conditions without any oxidation in vacuum appear
to have a higher work function than found in the literature.
Figure 4.7 shows the change in CPD over time for a MgO film left in ambient. The MgO film in
question was deposited at a crucible temperature of 560◦C for a deposition time of 20 minutes,
and appeared to be a thick film fully coating the copper. This sample was oxidised using a leak
valve attached to the main part of the chamber. From the graph we can see that the work function
actually gets lower over time (more negative CPD). This suggests that the sample also continues
to oxidise or change oxidation state after being left out in ambient air.
Figure 4.7: Multiple seperate CPD measurements of a single MgO film over a period of days
4.3.2 XPS Measurements
Fitting
As in the case of the copper photocathodes, we must first fit the C1s region and charge correct
the spectrum by moving the main C-C peak to 285eV, this correction will then be used on the
rest of the regions. The C1s region for Mg films has the same adventitious carbon component
peaks present in the case of copper surfaces but there is additional peaks both about 5 eV higher
and 2eV lower than the main hydrocarbon peak, these additional peaks have been attributed to
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the MgCO3 and graphite respectively as similar peaks were found to be present in Fournier et
al. [132], who proposed the explanation that graphite particles are formed by decomposition of
hydrocarbon molecules.
To figure out the chemical state of the magnesium atoms in the film we need to fit the different
components in the Mg2p region, however the binding energy shifts between the different chem-
ical states are very small and they can overlap causing difficulty in fitting, in particular MgO and
Mg(OH)2 have been found to have almost the same peak binding energy [132]. The metallic
peak has the largest B.E. shift from the Mg2+ components and is therefore the most discernible.
Different sources state the peak binding energy of the metallic peak to be between 49.6eV and
50.2eV [132, 133, 134], however these values have been charge corrected using a value of 286eV
for the C-C peak so our expected B.E. for the metallic peak should be 1eV lower.
Another difficulty is that the spin-orbit splitting of Mg 2p1/2 to 2p3/2 is very small (only about
0.28eV), therefore the two contributions overlap adding to the complexity of fitting the 2p re-
gion, whilst fitting the Mg 2p region we need to add both peaks with the constraint that the areas
will have a 1:2 ratio as explained in section 2.3.
We will also fit the O 1s region to try to get an idea on the oxidation state of the magnesium film
by using the intensity ratios. Just as in the case of the Mg2p region there are only small shifts be-
tween the different components, however in this case it is the Mg(OH)2 & MgCO3 components
that have the most similar peak binding energies. The peak binding energy of MgO is cited to
be between 530.9eV and 531.7eV, with Mg(OH)2 having peak binding energy about 0.9eV to
1.4eV higher and MgCO3 1.5eV to 2.3eV higher [132, 133, 134].
To fit the Mg2p region Fournier et al. [132] estimated the intensities of the peaks from the sto-
ichiometry of the elements in the different compounds. Using the ratios shown below we will
estimate the intensities of MgO and Mg(OH)2 from their respective peaks in the O1s region as
they have larger B.E. separations. (
IO
IMg
)
MgO
= 5.7 (4.2)
(
IO
IMg
)
Mg(OH)2
= 12 (4.3)
For samples that have undergone solvent cleaning before Mg deposition all show a Cl 2p peak
present as well, same as in the case of copper samples.
Analysis
To investigate the effect of oxidising the Mg films in vacuum compared to out of vacuum we
have done XPS on several samples oxidised in different ways.
Figures 4.8a and 4.8b show the fitted C1s regions for samples oxidised in air and oxidised in
vacuum during growth, respectively. The sample that was oxidised in air was measured to have
a work function of 4.36±0.07eV and the sample oxidised in vacuum was found to have a work
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function of 3.9±0.08eV, both samples having higher WF than that found in literature for that of
polycrystalline Mg.
It appears that the sample oxidised in air has a larger carbide and C-O component and a smaller
(a) (b)
Figure 4.8: Fitted C1s regions for Mg films a) oxidised in air & b) oxidised in vacuum
carbonate component, suggesting there is actually more MgCO3 on the surface of samples oxi-
dised in vacuum compared to in ambient.
Figures 4.9a and 4.9b show the corresponding O1s region for these two samples. The Mg(OH)2
component was fitted around 1.4eV higher than the MgO and the MgCO3 was fitted around
1.9eV higher and MgO was fitted at around 530eV to match the values from Fournier et al.
[132].
From the O1s regions we can see that the sample oxidised in ambient conditions has a larger
(a) (b)
Figure 4.9: XPS spectra of O1s region for Mg films oxidised a) in ambient air and b) during
growth in vacuum
MgCO3 component in contrast with the C1s region, with the sample oxidised in vacuum having
most of the oxygen present in Mg(OH)2. This is most likely due to the difficulties in getting
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quantitative measurements out from the data due to the overlapping of different components and
the contribution of organic C-O and C=O peaks, however we can make some relative compara-
tive measurements from the C1s region.
It is surprising that the sample oxidised under vacuum conditions has a larger Mg(OH)2 compo-
nent as it would be expected that the sample with increased exposure to ambient conditions (and
more importantly humidity) would have a larger Mg(OH)2 component.
Figures 4.10a & 4.10b show the fitted Mg2p regions for these two samples, using the intensity
(a) (b)
Figure 4.10: Fitted Mg2p region for a) sample oxidised in ambient and b) oxidised during growth
under vacuum
ratios from equations 4.2 & 4.3 to constrain the intensities of the MgO and Mg(OH)2 peaks.
Although there is difficulty in quantification due to the overlapping peaks we can compare the
two samples by their relative concentrations of Mg and their corrosion products. Also the O1s
region, the sample oxidised under vacuum shows a large Mg(OH)2 component as well as a larger
metallic component suggesting a thinner corrosion product layer.
We also performed XPS on a variety of films left in ambient conditions for a range of time from
over a year to a couple of days.
Figures 4.11a & 4.11b show the Mg 2p region for two samples: one left in ambient conditions
for over a year and one left in vacuum storage for a couple of days.
The sample left in ambient conditions for over a year was found to have a stable WF of 3.64±
0.07eV and the sample grown and kept under vacuum conditions was measured to have a WF
of 3.48±0.08eV. Despite relatively similar WF the two have very different chemical structures,
the sample left in ambient conditions appears to have a much larger metallic component than the
sample stored in vacuum conditions, although this may seem surprising it could be explained
by the fact that the film on the sample left in ambient conditions being much thicker. Another
noticeable difference between the two films is that the samples left in vacuum conditions had a
larger carbonate component in the corrosion products layer, whereas in the case of the sample
left in ambient although there was still a large carbonate component there was an increase in the
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(a) (b)
Figure 4.11: Fitted Mg2p region for a) MgO film left in ambient conditions for a long period
and b) MgO film recently deposited in vacuum
amount of MgO present. This suggest the decrease in WF observed from samples being left in
ambient conditions could be due to an increase in the amount of MgO in the corrosion product
layer.
4.4 Zinc Oxide Films
Just as in the case of copper and magnesium photocathodes, zinc photocathodes also have a
range of possible work function values across the literature. Klein et al. [135] gives a range of
work function values between 3.5eV and 5.2eV for magnetron sputtered zinc oxide films. The
range of values of work function were attributed to a change in Fermi level which was dependent
on oxygen content of the sputtered gas.
Moorman et al. [136] measured the work function of single crystals of zinc oxide using the
Kelvin method. The work functions were found to be 4.45eV (zinc face) and 4.75eV (prism
face) for freshly cleaved samples which then decreased to 3.9eV (zinc face) and 4.55 (prism
face) with subsequent annealing to 700K.
Gutmann et al. [107] found using ultraviolet photoemission spectroscopy (UPS) and low inten-
sity x-ray photoemission spectroscopy (LIXPS) that the work function for an annealed ZnO film
is 4.22eV.
4.4.1 PVD
As in the case for MgO films, we plot the measured work function of deposited films as a func-
tion of a quality called ’Deposition Amount’ (
√
T (p∗− p)). The vapour pressure at a particular
temperature was calculated from an analytical equation from Aldred and Pratt [137].
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Figure 4.12 shows the WF of zinc oxide films grown with oxygen leaked in during growth, these
films have a reasonably consistent work function with a mean of 4.11± 0.06eV. Figure 4.13
shows the work function of ZnO films oxidised in ambient, these films have a slightly higher
WF of 4.35±0.12eV. Also the standard deviation for samples oxidised in ambient is larger, sug-
gesting that the oxidation is less controllable outside of vacuum conditions. The average work
function measured however matches with a reasonable degree that found for freshly cleaved zinc
[107].
Figure 4.14 shows the average work function measured for ZnO films left in ambient conditions
Figure 4.12: CPD measurements of ZnO films grown in vacuum with oxygen leaked in during
growth
over a period of 8 days. As can be seen from the graph the work function tends to increase to
about 4.35±0.11eV, similar to the values of single crystal fresh cleaved ZnO from Moorman et
al. [136], or the values of WF measured for samples oxidised in ambient conditions. This value
of work function does not change over very long periods of time, samples measured over a year
later showed little to no change in their measured work function.
4.4.2 Electrochemical Deposition
This section shows the KP measurements of zinc films deposited electrochemically using the
setup described in section 2.1.2.
Figure 4.15 shows the work function of various electrochemically deposited zinc films all per-
formed at a bias of 1.3V for varying deposition times. Despite the large spread in the data with
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Figure 4.13: WF measured for ZnO films oxidised in ambient
Figure 4.14: Mean work function of samples left in ambient over a period of 8 days
increased deposition time the measured WF appears to be decreasing to a value similar to the
values of the samples grown via PVD. For the samples for lower deposition time the average
WF is 4.4±0.16eV.
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Figure 4.16 shows the work function of two different zinc samples electrochemically deposited,
with exposure to ambient air over a period of 20 days. It can be seen that the film with a thicker
zinc coating and more negative CPD increases to a similar value to the less negative CPD sample
and also the PVD sample. This suggests that this is when the chemical state of the zinc film has
settled to a stable state at the point of 8 or 10 days of exposure to ambient air where it settles to
a work function of about 4.35±0.04eV, which is a very close value to where the PVD samples
settle.
Figure 4.15: Work function measurements performed using Kelvin Probe for various electro-
chemically deposited zinc films as a function of deposition time
4.4.3 XPS Measurements
Fitting
Much like in the case of the Mg samples we first do a charge correction on the data by fitting the
C 1s peak and correcting the C-C component. However this time the C-C is moved to 285eV,
close to the value of 284.8eV used in Diler et al. [138] . This correction is then propagated to
the rest of the regions in that sample. Then the separate narrow scan components can be fitted.
The 2p3/2 region is the most intense therefore this is the one that we use for fitting the different
components. The fitting of Zn 2p3/2 and its corresponding components is non-trivial due to the
spread in data from literature and the overlapping of various states and components. As such,
the modified Auger parameter α’ (mentioned in section 2.3, is useful as a marker of specific
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Figure 4.16: CPD measurements over a period of days exposure for electrochemically deposited
zinc films
chemical state, especially for ZnO which has a very small binding energy shift from the metallic
peak, but its value of α’ is very consistent. Due to the non-conducting properties of ZnO films
there is significant charging effect which does not effect the modified auger parameter.
Dake et al. [139] measured a large number of zinc compounds and established tables of B.E.
Component 2p3/2 B.E. (eV) LMM K.E. (eV) alpha’ (eV)
Zn 1021.6 992.2 2013.8
ZnO 1022 988.1 2010.1
ZnCO3 1022.3 987.4 2009.8
Hydrazincate 1022.5 987.1 2009.5
ZnCl2 1023.5 986.2 2009.7
Zn(OH)2 1022.7 986.5 2009.2
Table 4.2: Binding energies and modified auger parameters for Zn and its components taken
from Dake et al. [139]
and α’ as shown in table 4.2. Although as a starting point there are some discrepancies through-
out the literature on these values, mostly with Zn(OH)2 which has been reported to be 2009.9
and 2010.4eV by Deroubiax et al. [140] and Moretti et al. [141] respectively.
A potential explanation of the variance of α’ of Zn(OH)2 is hypothesised by Duchoslav et al.
[142] who suggested that Zn(OH)2 decomposes to ZnO at lower temperatures when undergoing
XPS, which explains why it reaches values close to α ′ZnO = 2010.1−2010.4eV .
Another indication of the oxidation state of the zinc oxide films can be found in the O1s region
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as it is well documented that there are two peaks one at around 530eV which is known to be
attributed to the ZnO lattice [122] and one at 532eV which is attributed to Zn(OH)2 and other
contaminants [140, 138].
4.4.4 Analysis
To investigate the effect of oxidisation in vacuum for the ZnO films grown we have done XPS
on films that have been oxidised during growth and after growth, both via leaking in O2 using a
leak valve. Figure 4.17 shows the LMM spectra of 3 different samples, a clean sample oxidised
under vacuum (WF=3.72± 0.09eV), an older sample left in ambient air (WF=4.06± 0.03eV)
and a sample grown via electrochemical deposition (WF=4.37±0.04eV).
Figure 4.17: LMM spectra of 3 ZnO films: oxidised in vacuum, left in ambient and grown via
electrochemical deposition
The sample oxidised in vacuum shows a strong peak at 992.85eV and 996.2eV which
although a bit different from the values in Dake et al. [139] is attributed to the metallic Zn.
This sample also has its other peak shifted to lower binding energy compared to the ambient and
electrochemical sample. The peak at 987.1eV is from the Zn(OH)2 or other hydroxide compo-
nents, which are likely to be high in electrochemical deposition as it is deposited in solution with
distilled water, whereas the peak at 988.1eV will be a convolution of ZnO and ZnCO3.
Figure 4.18a, 4.18b and 4.18c show the O1s region for the same three samples. From these fig-
ures it can be seen that the electrochemical and ambient sample show a larger Zn(OH)2 to ZnO
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ratio, which confirms the hypothesis that this was the reason for the shift in the kinetic energy of
the LMM spectra.
It appears that the larger ZnO component results in a lower the work function of the sample and
the more Zn(OH)2 or hydrazincite present the higher the work function. Figures 4.19a, 4.19b
and 4.19c show the Zn 2p3/2 region for the same three samples, using the modified auger pa-
rameters to label the components to their possible chemical states, the peak shape LA(1.4,2,2)
was used for the metallic component as in Biesinger et al. [122]. From the 2p3/2 region it can
be seen that the sample oxidised in vacuum has a much larger metallic contribution which again
matches the auger spectrum. Also the electrochemically deposited ZnO film has even smaller
metallic component suggesting that there is an even thicker hydrazincite layer.
(a) (b)
(c)
Figure 4.18: O 1s region for ZnO films a)oxidised in vacuum, b)left in ambient conditions and
c)deposited via electrochemical deposition
77
4.5. WORK FUNCTION MODIFIERS
(a) (b)
(c)
Figure 4.19: Zn2p3/2 region for a)sample oxidised in vacuum b)left in ambient and
c)electrochemically deposited
4.5 Work Function Modifiers
Also of interest is the possibility of tuning or modifying the work function of our photocathodes
using post-deposition treatment. One particular way of doing so is to coat the photocathodes
in an ultrathin layer that is chemically or physically absorbed onto the surface which creates a
strong interface, molecular dipole or contribution of both which in turn will induce a shift in the
Fermi level of the conductor and lower the work function.
Zhou et al. [143] showed that polymers with simple aliphatic amine groups, polyethylenimine
ethoxylated (PEIE) and branched polyethylenimine (PEI), could reduce the work function of a
variety of different conductors. Chemisorption of tetrakis(dimethylamino)ethylene (TDAE) has
also been demonstrated to cause reductions in work function for Au [144]. However, due to
TDAE’s instability in air it has found limited use, whereas PEI & PEIE can be easily processed
in air from dilute solutions of water or alcohol, which remain stable for more than a year in
ambient conditions.
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Zhou et al. [143] also showed, by washing away islands of thicker PEIE without the WF being
affected, that only a ultra-thin layer is needed to produce the WF changes seen. Whilst extra PEI
or PEIE seemed to not affect the work function, it was found to hinder device performance with
increasing PEI/PEIE thickness due to its insulating nature.
Zhou et al. [143] gave KP measurements of the work function changes in air, with a 0.98eV,
1.2eV, 0.9eV & 0.65eV ∆WF for ZnO, Au, Ag & Al respectively after depositing a thin layer
(10nm) of PEIE on the surface and 1.16eV, 1.16eV, 1eV for ZnO, Au & Ag with a deposition of
a thin layer (10nm) of PEI.
In this section we will coat layers of PEI and PEIE of varying thickness on our various photo-
cathodes and measure the WF reduction using the Kelvin probe.
Figure 4.20 shows the change in work function from copper films coated in PEI at different
Figure 4.20: Work function changes from spin coating thin films of PEI on copper at varying
spin speeds
spin speeds. It can be seen that at very high speeds (> 4000rpm) there is a lower change in work
function. This suggests that at thinner PEI films the work function reduction is not as strong.
This seems to be at odds with the results in Zhou et al. [143], where even ultra-thin films resulted
in large work function changes.
Low spin speeds (< 2000rpm) resulted in films that were patchy and not fully coated. As such
2000rpm is the standard speed used for coated films of PEI as it results in large ∆WF but main-
tains a visually uniform film. The average ∆WF for speeds less than 2000rpm is−0.52±0.07eV,
similar reduction to that found for aluminium [143].
To investigate the air shelf life of the PEI coating a series of KP measurements were taken over a
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period of several days. The results are shown in figure 4.21. Here it can be seen that for PEI left
in ambient the ∆WF drops rapidly to much smaller values even over a period of a day, whereas
the PEI coatings left in a nitrogen flow are relatively stable for about a week with little change in
the ∆WF. However eventually all samples return to standard copper WF values. Samples stored
in Nitrogen are naturally exposed to air during measurement which could be the primary cause
for their decay.
Although this does not take into account the fact that the WF of the bare copper also changes
with time. However from figure 4.2 this was found to be negligible in comparison, especially
for solvent cleaned copper, therefore the drop in work function must be due to a removal of the
PEI from the surface.
As such PEI-coated photocathodes may be stable in a gaseous environment such as that present
in ThGEMs, but without measurements of WF under this gaseous environment it is impossible
to say for certain as even a small amount of exposure to ambient conditions could effect the
reduction caused by the PEI.
Figure 4.22 shows the ∆WF of PEI coated on ZnO films, a spin speed of 2000rpm and solution
Figure 4.21: KP measurements of PEI coated Cu surface over a period of days
concentration of 0.7% by weight of PEI is used. The figure is plotted as a function of the WF
measured for the sample before coating with PEI, it can be seen that samples with higher WF
initially show a larger ∆WF than samples that already had a lower WF. However even the largest
∆WF of −0.39±0.04eV is well below the change in WF for ZnO from Zhou et al. [143]
It was found that PEI coated on MgO films appeared to make little difference to the WF only
appearing to actually increase it by 0.17±0.06eV on average.
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As such it appears that the initial work function of the photocathode effects the amount that the
PEI effects the work function. This is most likely due to a decrease in the electronegativity at
the surface and the addition of PEI causes less of a dipole at the surface.
Figure 4.22: ∆WF of ZnO films spin coated with PEI as a function of initial WF
4.6 Summary
The standard deviation in WF measurements across a surface were found to be about 0.03eV
which is smaller than the error on the WF on the tip of the KP 0.07eV, meaning we can get more
accurate determination of relative changes compared to the actual WF values.
It was found that polishing a copper surface with Brasso instead of the standard solvent cleaning
method resulted in a much larger signal under illumination. Despite this, on average, polished
copper surfaces showed only slightly lower WF (about 0.08±0.04eV). Also, polishing samples
already measured showed little to no change in work function, therefore this is unlikely to be the
reason for the increased signal seen under illumination.
From the XPS data, the polished copper surfaces showed a marked reduction in the satellite
peaks at 940eV and above, which is attributed to the Cu2+ components such as CuO and CuOH.
The reduction in this oxide layer was further evidenced by a larger metallic contribution in the
LMM Auger spectrum as well. Therefore we can say that polishing samples removes the top
oxide layer exposing the metallic layer underneath which causes the increase in signal seen un-
der illumination.
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Samples that were cleaned in a solution of Micro-90 and distilled water showed much lower
work function of about 4.01± 0.11eV. The large change in work function when Micro-90 was
used as cleaning solution could be explained by the introduction of a Na 1s region in the XPS
spectra. Micro-90 cleaning solution contains 10 to 25% of ethylene diamine tetraacetic acid
tetrasodium (EDTA-Na4) which could explain the introduction of Na to the XPS spectrum. The
Na 1s on the surface could cause a surface dipole lowering the work function measured.
Copper shows remarkable stability over time with almost no change in work function over a
period of 20 days. There does appear to be a small increase in the WF measured after exposure
to ambient air over a couple of days which is more pronounced for the polished samples. This
is most likely due to oxidation or addition of water to the surface after being exposed to ambient
conditions. After this initial increase in WF, however, the samples showed no change in work
function.
For the deposited films of MgO and ZnO it was found that the work function is dependent on
the thickness of the overlayer coated on the copper substrate. With thinner layers having work
functions somewhere between the saturated overlayer value and the substrate layer.
Table 4.3 shows the average WF measured for MgO and ZnO films grown via PVD under two
Material Vacuum WF (eV) Ambient WF (eV)
MgO 3.64±0.04 4.15±0.17
ZnO 4.11±0.06 4.35±0.12
Table 4.3: Average WF for MgO and ZnO under different oxidation methods
different oxidation conditions: letting oxygen leak in during growth under vacuum and letting
the sample oxidise naturally in ambient air by opening the chamber straight to air. Both MgO
and ZnO show an increase in WF for samples oxidised under ambient conditions compared to
samples oxidised under vacuum. MgO shows a much larger change in work function for samples
oxidised in ambient compared to samples oxidised under vacuum conditions, which are consis-
tently around a value which is similar to that found for clean polycrystalline magnesium [106].
It was found from the O1s region that the sample oxidised under vacuum conditions had a larger
Mg(OH)2 component, whilst the sample allowed to oxidise naturally under ambient conditions
had a larger MgCO3 component.
Unlike the standard copper photocathodes, the deposited Mg films were found to actually de-
crease in work function during exposure to ambient air. From the XPS of samples left in ambient
for a long period ( 6 months) the XPS shows a larger metallic component in the Mg 2p region
suggesting a thinner oxide layer. There does not appear to be any relation to the amount of
metallic component present to the work function, instead the O 1s region is still the best indi-
cator of work function (with increasing Mg(OH)2 showing lower work function). There is also
a much larger MgO component present in the XPS spectra of the sample left in ambient, which
could be the reason for the decrease in WF over time.
The average work function for ZnO films oxidised in vacuum is similar to the value for zinc
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annealed under vacuum [136], where the average work function for ZnO films oxidised in am-
bient conditions is more similar to the freshly cleaved ZnO single crystals in Moorman et al.
[136]. ZnO films that were deposited using electrochemical deposition were found to have a
mean work function of 4.4±0.2 quite similar but a little higher than ZnO films oxidised in air.
Almost all the ZnO samples left in ambient conditions all appear to tend to and settle at the
slightly higher work function of 4.35±0.11eV, which is closest to the value of ZnO films grown
via electrochemical deposition.
It was seen from the LMM spectra for ZnO films that samples oxidised in vacuum showed a
much larger metallic component as shown by a much larger peak at 992.85eV and 996.2eV, with
a secondary peak at 988.1eV which almost perfectly fits the LMM value for ZnO from Dake
et al. [139]. Samples oxidised in ambient showed a small metallic component but much less
than samples oxidised in vacuum, also the secondary peak was shifted to a lower K.E. at around
987.1eV, which again fits perfectly the LMM value for hydrazincate from Dake et al. [139]
Further evidence for an increased Zn(OH)2/ZnCO3 or hydrazincite component in ambient oxi-
dised and electrochemically deposited films is shown in the O 1s and Zn2p regions. Whereas,
vacuum oxidised samples show largest ZnO component along with a large metallic contribu-
tion, ambient oxidised samples show a large Zn(OH)2 but small ZnCO3 and electrochemically
deposited samples show almost no ZnO but the largest ZnCO3 and the smallest ZnCO3 contri-
bution. Therefore it can be summarised that the formation of a mixture of Zn(OH)2/ZnCO3 or
hydrazincite raises the WF of the film and this will form naturally over time if left out in ambient
conditions.
Finally PEI coatings on various photocathodes were investigated in attempt to lower the work
function of our photocathodes. It was found that at lower speeds (< 2000rpm) the ∆WF is larger.
However at very low speeds the film was visibly patchy so as a standard the speed of 2000rpm
was used.
For speeds < 2000rpm the average ∆WF for copper was found to be −0.52±0.07eV.
The reduction in work function was found to decrease with exposure to ambient conditions, with
only a day reducing the ∆WF by 0.2eV and eventually going back to the original WF. However,
the WF reduction appeared to remain reasonably constant when left in nitrogen. This suggests
that although care will have to be taken with depositing and storing the devices, PEI could be
used in a gaseous environment to reduce the work function of a photocathode with higher work
function such as copper.
It was also found that if ZnO had low work functions (4eV and lower) the ∆WF was very small
or negligible, whereas ZnO films with higher WF (4.2 and above) had a ∆WF of −0.39±0.04
on average. MgO films were found to actually increase after being spin coated with PEI with
a ∆WF of 0.17± 0.06 on average. Therefore it appears as if the ∆WF from coating materials
in PEI actually depends on its initial WF. This is likely due to the fact there is already a strong
surface dipole on the MgO and ZnO films with low WF, therefore adding PEI does not help with
a contribution to the surface dipole.
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However this does not match exactly the results found for Zhou et al. [143] as they found the
largest work function reduction for Au, which has a higher WF than the other materials tested.
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Chapter 5
Photoemission Yield of Metal Oxides
5.1 Introduction
In this section we will investigate the output photocurrent of ThGEMs coated with various pho-
tocathodes under illumination with light sources of different wavelength and power. From this
data we will look at how the work function measured in the previous section effects the pho-
tocurrent measured and therefore the quantum yield of our photocathodes. We will also attempt
to use the spectral calibration of the light sources performed in section 2.5 to get relative quan-
tum efficiency values. We will also attempt to get values of direct QY by illumination of the
photocathode surface and collection of photoelectrons via a drift field created by a high voltage
mesh above the surface.
As mentioned before the photocurrent collected on the electrode is proportional to the product
of the quantum yield of the photocathode (QY), electron transfer efficiency (ETE), the multipli-
cation (M) of the ThGEM and the incident flux (φi). We can get values of incident flux for our
light sources via the calibration performed in section 2.5. By dividing the photocurrent by the
flux times the charge on an electron, we will get the product of the three values (QY, ETE & M),
this is referred to as the relative quantum efficiency (RQE), which is the total collected num-
ber of electrons compared to the total electrons ejected from the photocathode surface via the
photoelectric effect. Therefore, if we assume that the gain is constant for an identical ThGEM
structure (hole diameter, pitch, etc.) and identical gas properties (pressure, temperature, mixture,
etc.) we can derive a relative quantum yield from the value of RQE.
The assumption that the gain is constant for ThGEMs of the same structural properties is not
entirely true as it has been shown in Chapter 3 that the gain stability appears to vary quite a
lot between samples. All photocurrent measurements in this section were allowed time for the
signal to plateau and then the resultant value of the photocurrent was measured. Also as the
data taken was for samples that had not been illuminated before, the issue found with electrodes
retaining charge is also not thought to be present.
The photocurrent in this section is measured using the standard chamber setup as described in
section 2.4. The ThGEMs used unless stated otherwise have a standard structure of 1.6mm thick
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PCB, 15x15mm design with 1.2mm etched holes, with 2.5mm pitch as shown in figure 3.1 with
1mm diameter holes mechanically drilled into the surface. The fabrication process is the same
as described in section 3.2.
5.2 Copper
The first photocathode material we will investigate is the basic copper surface on the PCB which
ThGEMs are fabricated from.
To achieve a RQE value as a function of wavelength, a tuneable UV laser from the Transient
Electronic Absorption Spectroscopy (TEAS) equipment from the Warwick Centre for Ultrafast
Spectroscopy was used. The power of the laser was simultaneously measured during the exper-
iment. As the data obtained is already normalised to the incident power on the ThGEM we can
easily get a value for the relative QE for the wavelength used by dividing through by the energy
of the photons at each point and the charge of an electron, the data for both solvent and Brasso
cleaned copper ThGEMs are shown in figure 5.1.
From the figure we can see that the polished copper surface has a much higher RQE at lower
Figure 5.1: Calculated RQE from TEAS data for both solvent and Brasso cleaned copper. The
solvent cleaned ThGEM was held at 0.6kV, where the Brasso cleaned copper surface was held
at 1kV
wavelengths (< 245nm) which could explain the large increase in signal when illuminated by
the deuterium lamp which has its peak wavelength at around 205nm.
86
5.2. COPPER
It is perhaps surprising that the data for the Brasso ThGEM is not larger due to the fact that the
bias is higher so the gain should also be larger. This could be due to the fact that the Brasso
sample had been exposed to ambient air for a couple of days before measurement where the
copper sample was placed in the chamber almost immediately after cleaning. It could also be
due to instabilities of gain in the timescales during measurement.
Figure 5.2 shows the photocurrent measured for standard 1.6mm thick PCB ThGEMs under
Figure 5.2: Photocurrent measured for standard 1.6mm thick PCB ThGEMs under different
cleaning conditions under illumination from deuterium lamp
different cleaning conditions: solvent cleaned, mechanically polished with Brasso and ultrasonic
cleaning with a solution on Micro-90. From this figure it can be seen that despite the much lower
work function of copper photocathodes cleaned in a solution of Micro-90, it does not lead to a
much higher QY, rather instead, it appears to have a lower signal than ThGEMs with polished
copper photocathodes which have similar work function to the solvent cleaned copper surfaces.
This suggests that the QY depends on much more than simply the work function of a material.
Figure 5.3 shows the experimentally measured values for QY for clean copper surface under
vacuum, for the wavelengths of interest as measured by Krolikowski et al. [2]. Although our
values for QE are going to be different, as these measurements were performed in vacuum and
do not take into account backscattering in gas, we can use the general shape of this graph to
estimate the contribution to the overall signal from the different wavelengths. Unfortunately the
measurements are only up to around 260nm, but the deuterium lamp has a continuous emission
from 160nm to 400nm, although wavelengths higher than the work function of copper should
not have any effect.
87
5.2. COPPER
To estimate the contribution at wavelengths lower than 260nm we have fitted a basic power
Figure 5.3: Experimentally measured values of QY from Krolikowski et al. [2] for clean copper
surface under vacuum
function as shown,
y = (a+bx)1/c (5.1)
This function was chosen as it appeared to fit the experimental data reasonably well and gave a
cutoff at around 300nm which would be expected for the work function of copper.
Figure 5.4 shows the fitted function compared to the experimental data from Krolikowski et al.
[2] for the wavelength range of interest.
The incident flux is measured by taking the spectral irradiance calculated in section 2.5 and then
using the inverse square law to work out the values at distance of interest and then multiplying
by the area and dividing through by the photon energy at each point.
By multiplying the incident flux by the QY values from Krolikowski [2] et al. and multiply-
ing by the charge of an electron we can calculate the current expected with these QY values.
However it is clear that this gives us much larger values than what is measured. However by
normalising the curve to the photocurrent measured under illumination we can achieve values of
RQE using the shape of the QY curve from Krolikowski et al. [2]
Table 5.1 shows the calculated RQE values at 210nm (the peak wavelength of the deuterium
lamp) for copper samples cleaned under 3 different condtions: polished with Brasso, ultrasonic
bath in solvent mix and ultrasonic bath in M90/distilled water solution. Here we can see that
Brasso has much larger RQE than solvent or M90 cleaned solutions with the RQE being 2.8±0.3
times larger than solvent cleaned samples at the same HV bias and8±2 times larger than sam-
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ples cleaned in M90 solution.
To compare the RQE measured using this method compared to that found by illumination of
Figure 5.4: Comparison between power fit and experimental data from Krolikowski et al. [2]
Sample Bias (kV) RQE (10−6e-/γ) Error (10−6e-/γ)
Brasso
1.5 8 1
1.2 2.1 0.4
1 1.85 0.3
Solvent
1.5 2.3 0.4
1.2 0.98 0.16
1 0.58 0.1
M90
1.8 5.6 1
1.5 0.9 0.16
Table 5.1: Calculated RQE values for standard ThGEMs under illumination of deuterium lamp
for different cleaning methods
the TEAS laser, the calculated RQE for Brasso and ISP at 1kV bias are shown with the corre-
sponding TEAS data in figure 5.5a and 5.5b.
From figures 5.5a and 5.5b we can see that the shape of the RQE as a function of wavelength
is different for the values obtained from the TEAS laser and those calculated from the response
from deuterium lamp. The most likely reason for this difference would be the fact that the QY
values from Krolikowski et al. [2] are not indicative of our copper surfaces as they are for clean
copper under vacuum conditions.
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(a) (b)
Figure 5.5: RQE comparison between those calculated from deuterium lamp and from the TEAS
laser for a) Brasso and b) solvent cleaned copper surfaces
5.3 Metal Oxide Films
As in the case for the copper surfaces we will first investigate the RQE as a function of incident
wavelength by using the tuneable TEAS laser for the thin metal oxide films grown in UHV.
Figure 5.6 shows the RQE calculated for ZnO and MgO films with the previous data for solvent
Figure 5.6: RQE values calculated for solvent cleaned copper, MgO and ZnO films under illu-
mination using TEAS laser
cleaned copper using the tuneable TEAS laser.
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The solvent and MgO film were placed under 0.6kV bias where the ZnO film was at a 0.5kV
bias. First thing of note is that the ZnO film gave the best signal overall which could be due
to level of air contamination each film has been exposed to. The MgO and ZnO film showed
similar signal values for wavelengths longer than 280nm, however no signal was detected at
wavelengths longer than 360nm (3.44eV) for the ZnO film.
Both ZnO and MgO films show a signal well beyond their KP measured work function. Al-
though the reason for this is not known, it is assumed that due to the high power density of the
beam there may be a 2 photon effect adding to the signal.
5.3.1 Magnesium Oxide Films
In this section we will investigate how the WF, chemical structure and growth conditions, from
section 4.3, effect the signal received from MgO films, as well as calculate RQE values for a
variety of light sources.
Figure 5.7, shows the photocurrent measured under illumination from the deuterium lamp for
Figure 5.7: Photocurrent received under illumination of deutrium lamp at a distance of 95mm
for several Mg films.
a variety of films deposited via PVD as a function of work function. Although there is not a
huge change in response the samples with more negative CPD (lower work function) do appear
to produce slightly higher photocurrents, as shown in figure 5.8, which shows the response as a
function of work function for 1kV and 1.2kV. Smaller HV biases were used as the shape of the
curves are different meaning the gain is not consistent at a particular HV bias, most likely due
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Figure 5.8: Response under illumination of the deuterium lamp as function of work function.
Legend shows the HV bias.
to the rising behaviour mentioned in chapter 3 which is exacerbated at higher voltage biases.
Figure 5.9, shows the QY of a magnesium disk under vacuum, for photons with wavelengths
Figure 5.9: QY for Magnesium disk in vacuum as measured by Palmer et al. [3]
92
5.3. METAL OXIDE FILMS
from 138nm to 310nm, taken from Palmer et al. [3]. As in the case of the copper photocathode
it is expected that the values from this figure will be significantly higher than our values as they
are for clean pure magnesium metal instead of native MgO under ambient conditions. However
it could be possible to use the shape of this data to get the contribution from the different wave-
lengths using the deuterium measurements from figure 5.7 and the irradiance from the deuterium
lamp.
Much like in the case of copper ThGEMs we will calculate the RQE values under illumination of
the deuterium lamp using the measured QY from Palmer et al. [3] as a basis for the contribution
at each wavelength. Table 5.2 shows the RQE calculated using this method for the MgO films
from figure 5.7.
Figure 5.10, shows the data both from measurement under TEAS laser and the RQE values
Work function (eV) Bias (kV) RQE (10−6e-/γ) Error (10−6e-/γ)
3.41
1.4 8.5 2
1.2 7 1
1 5 1
4.21
1.5 1.4 0.3
1.2 0.95 0.2
1 0.57 0.12
4.14
1.5 6 1
1.2 1.3 0.3
1 1.2 0.3
Table 5.2: Calculated RQE for illumination under the deuterium lamp for MgO films
calculated using the deuterium lamp. The data matches reasonably well however the TEAS data
is under a HV bias of 0.6kV where the deuterium data shown is for a bias of 1kV, despite this
the TEAS data still has a slightly higher RQE. Either we have overestimated the photon flux
from the deuterium lamp or the TEAS laser shows an improvement in signal due to the 2 photon
effect which we used to explain the response found at wavelengths much longer than the work
function of the material.
Table 5.3 shows the response and RQE value calculated for MgO film with a WF of 4.21±
0.11eV using the pond lamp. The spectrum of this particular light source, shown in section 2.5,
is primarily at a narrow peak at 253.7nm. Using the power measurements of 1.45E-4W for the
Thorlabs sensor at 50mm gives a flux of about 9.8E13 photons/s at 75mm.
The RQE value at 1kV is very similar to the value for the deuterium lamp at 210nm, however
according to Palmer et al. [3] the QY at 210nm should be about 15 times higher than the Thor-
labs power meter cannot be trusted as the calibration of the QY at 253.7nm. This gives further
evidence that the power measurements from the Thorlabs power meter is most likely wrong.
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Figure 5.10: Comparison between TEAS laser and Deuterium lamp calculated RQE values for
MgO film
Bias (kV) Photocurrent (pA) Error (pA) RQE (10−6e-/γ) Error (10−6e-/γ)
1.2 35 2 2.23 0.11
1 21 1.3 1.34 0.07
Table 5.3: Photocurrent measurements and estimated relative quantum efficiencies for magne-
sium film under illumination of pond cleaning lamp
5.3.2 Zinc Oxide Films
The response of different ZnO coated films under illumination of the deuterium lamp is shown
in figure 5.11a for films of varying workfunction as a function of HV bias applied. The response
is also plotted as a function of workfunction for two different HV biases in figure 5.11b. Just
as in the case for MgO films we can see that the curves as a function of HV bias from figure
5.11a have varying shapes which suggests that the gain is again not constant with HV bias, as
mentioned before this is attributed to rising gain behaviour discussed in chapter 3. However
from figure 5.11b, we can see there is a general trend of larger photocurrent with decreasing WF
in the same way as MgO despite some fluctuations for samples with similar WF which is most
likely due to changes in the gain of the detector.
Figure 5.12 shows the response of electrochemical deposited zinc under illumination of the
deuterium lamp. As in the case of PVD samples the lower WF sample has a higher photocurrent
signal. However the difference in this case is much more noticeable, with the sample with WF of
4.25eV having photocurrent values similar to the PVD sample with WF of 3.72eV. This appears
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(a) (b)
Figure 5.11: Photocurrent measured for ZnO films under illumination of the deuterium lamp. a)
Photocurrent as function of HV bias, legend shows WF measured b) Photocurrent as function of
WF measured, legend shows HV bias
to go against the trend that lower WF gives a higher signal. It is also not likely to be due to a
rising signal as both samples are given the same time for the signal to settle, therefore it is likely
something about the chemical composition of the electrochemical deposited samples results in
a higher signal.
Figure 5.13 shows the QY measured by Mosteller et al. [145] for cleaved crystals of Zn in UHV.
Figure 5.12: Photocurrent received under illumination of deuterium lamp for several Zn films
electrochemically deposited
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These values are expected to be higher than the values we find for ZnO films in ambient, but
as before we will use the general shape. A simple allometric fit (y = ax−b) was used to achieve
values for longer wavelengths that were not measured (> 160nm).
Using the shape of the QY from figure 5.13 the RQE for illumination under the deuterium
Figure 5.13: QY of cleaved Zn single crystals in UHV as measured by Mosteller et al. [145]
lamp is calculated for ZnO films with varying wavelengths. Table 5.4 shows the calculated RQE
values at 210nm for PVD films and table 5.5 shows the calculated RQE at 210nm for electro-
chemically deposited films.
Figure 5.14 shows the RQE values calculated under illumination of deuterium lamp compared
to the data taken using the TEAS laser for two ZnO films with similar WF. It can be seen that the
RQE values are much higher, this is especially unexpected as the deuterium lamp measurements
are performed at 1kV instead of 0.5kV for the TEAS measurements. Large errors are incurred
from rising behaviour of the signal so it is unclear if this is the main reason for this difference.
The calculated RQE using the 250J LED has also been done for a new ZnO film oxidised in
vacuum, with a work function of 3.91± 0.07, is 0.48± 0.03× 10−6 at a HV bias of 1.2kV at
250nm. From the data from figure 5.13 the QY at 210nm should be about 6 times larger than
the QY at 250nm. If we look at the RQE for a fresh ZnO film calculated using deuterium lamp
with work function 3.72eV it gave a RQE of (7±2)×10−8electrons/photon at 250nm which is
much lower.
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Work function (eV) Bias (kV) RQE (10−6e-/γ) Error (10−6e-/γ)
3.72
1.7 7.5 2
1.5 3.5 1
1.2 1.2 0.3
3.96
1.7 2.5 0.6
1.5 1.6 0.4
1.2 0.45 0.1
4.46
1.7 19 4
1.5 8 2
1.2 3 0.7
Table 5.4: Caclulated RQE values for PVD ZnO under illumination of the deuterium lamp
Work function (eV) Bias (kV) RQE (10−6e-/γ) Error (10−6e-/γ)
4.48
1.7 2.7 0.5
1.2 0.35 0.1
4.25
1.7 14 3
1.5 7 2
1.2 3.5 1
Table 5.5: Calculated RQE for electrochemically deposited films under illumination of the deu-
terium lamp
Figure 5.14: Comparison between calculated RQE values from illumination under deuterium
lamp and TEAS laser for two ZnO films with similar WF
5.4 Direct Quantum Yield Measurements
5.4.1 Introduction
Whilst we have obtained values of RQE from the photocurrent measurements of deposited films,
due to gain stability issues and errors in incident photon flux, it is difficult to get actual values of
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QY from these measurements. To measure the photoelectric quantum yield directly the amount
of flux at the sample needs to be known and direct collection of the photoelectrons needs to
occur via a drift field and collection anode. These measurements are normally performed under
vacuum [146] but this will give different values of QY in air or other gases as it does not take into
account any interaction or scattering that the photoelectrons would have with the surrounding
gas.
5.4.2 Experimental Setup
To measure the direct QY from the photocathode surface a new table is constructed which con-
sists of a mesh suspended above the sample surface to be measured and a single connection on
the top surface of the ThGEM leading to the same amplifier used in the photocurrent measure-
ments. A positive HV bias is placed across the mesh to create a drift field. Therefore, when
electrons are liberated from the surface of the photocathode they will drift towards the mesh and
the induced current will be read out through the amp. In this setup the multiplication stage of the
ThGEM is not used so the photocurrent measured is entirely from emission from the photocath-
ode. By simply dividing the received signal by the incident flux and the charge on an electron,
we will be able to calculate values for the QY of the photocathode surfaces.
5.4.3 Results
Figure 5.15 shows the photocurrent measured for illumination of a MgO film with Xenon pho-
toionisation discharge (PID) lamp. This lamp is uncalibrated so cannot give us actual values
of QY but has a very intense, high energy (9.6eV) photon emission. Using this lamp we can
achieve large signals without the need of the multiplication stage normally used in our detectors.
The chamber was sealed at atmospheric argon.
The signal as a function of bias as shown in figure 5.15 appears to have two distinct curve
shapes: an initial levelling off of the signal which then exponentially rises with increasing bias.
It is hypothesised that this initial levelling off of the signal is heading towards all the electrons
emitted from the ThGEM surface and after a certain voltage the gain from high electric field
around the wires that comprise the mesh start to take effect. Although it is hard to distinguish
these two effects from each other, we can get very rough values of QY if we take the value of
the stationary point as where the total signal from the photocathode is collected. However, we
cannot use the values that we got for the collected charge under illumination of different light
sources as accurate values of QY.
However, we will use the deuterium lamp with this new setup to give relative QY to compare to
the RQE values calculated in the previous sections. Measurements were taken in low pressure
argon by simultaneously letting argon flow through the chamber and pump the chamber with
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Figure 5.15: Measured photocurrent for MgO film under illumination of Xe PID lamp as func-
tion of HV bias across the mesh
a rotary pump. The signal had a S-shape like in figure 5.15 but appeared to settle at 150V so
we take this bias as the maximum collection of the photoelectrons with minimum gain from the
mesh. The QY values calculated at 150V for 210nm are shown in table 5.6.
However the QY values from this table are basically the same as the RQE values calculated
in the previous sections but the RQE values include the gain of the detectors which should be
noticeable at 1.2kV. Therefore, there is obviously some gain mechanism even at these voltages
as such we cannot use the measured QY values from this method.
Material QY (10−6e-/γ) Error (10−6e-/γ)
Copper (polished) 4 0.05
CuO 0.309 0.006
ZnO (4eV) 8.7 1.2
Table 5.6: Calculated QY values for illumination under deuterium lamp in low pressure argon
5.5 Summary
From the response as a function of wavelength using the TEAS laser, we have found that polished
copper surfaces have drastically higher RQE at lower wavelengths (> 245nm). This suggests that
the shape of the QY curve measured by Krolikowski et al. [2] may be different depending on the
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chemical composition of the copper. As the measurements were performed for clean metallic
copper instead of the native oxide of copper. As shown by the XPS data from section 4.2.2 only
copper surfaces polished with Brasso show a metallic component in the surface.
Also from the TEAS data all photocathodes showed signal for longer wavelengths than would
be expected from the work function of the various photocathodes and the signal was much larger
than using the deuterium lamp. We have attributed both of these effects to a possible two photon
contribution to the signal due to the high power density of the TEAS laser.
RQE values (i.e. Gain and QY) have been calculated using the shape of the QY measured by
Krolikowski et al. [2] for illumination under deuterium lamp. Comparing the shape of these
calculated RQE values to the calculated RQE from the TEAS data we can see a large difference
in the shape of the RQE as a function of wavelength. This suggests that the shape of QY from
Krolikowski et al. [2] does not match our materials QY.
Table 5.7 shows the calculated RQE values for copper, MgO and ZnO using the deuterium lamp
and QY curves found from literature [2, 3, 145]. From this table it can be seen that both MgO
and ZnO have a wide range in their calculated RQE values and thus the signal measured. How-
ever there does seem to be a trend in the work function with low work functions producing
higher signals in general so on average MgO gives higher RQE values but in some cases the
ZnO films can have superior RQE. In particular the electrochemically deposited ZnO has much
higher signal although the reason for this is not known.
In attempt to directly measure the QY of photocathodes, we used a mesh to collect the electrons
material RQE (10−6e-/γ) Error (10−6e-/γ)
Cu (polished) 3.7 0.4
CuO 1.7 0.2
MgO (3.41eV) 7 1
MgO (4.14eV) 1.3 0.3
ZnO, EC (4.25) 3.5 1
ZnO (3.72eV) 1.2 0.3
ZnO (4.46eV) 3 0.7
Table 5.7: RQE values calculated for copper, MgO and ZnO under illumination of the deuterium
lamp at a HV bias of 1.2kV
directly emitted from the photocathode surface. For the measurements in argon after a certain
voltage bias (V) show an exponential rise in the photocurrent measured which must be due to
some multiplication due to the high electric field around the wires. This limits the accuracy of
the measurements of QY as it is difficult to tell where the signal from collection of electrons
emitted from the photocathode ends and the signal from multiplication around the wires start.
Therefore we could not use this method to measure the QY of our photocathodes.
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Potential Applications
6.1 Introduction
GPMs based on GEM elements have already found success in Cherenkov and other HEP exper-
iments [147, 148]. In RICH detectors in particular, the use of cascaded GEM elements coupled
with bialkali photocathodes allowed the first demonstration of DC-operated visible-sensitive
GPMs with single photon detection efficiency.
GPMs have also been used in liquid noble gases for rare-event experiments and fast-neutron and
gamma-ray imaging [149, 150] and has found potential interest in other applications such as:
Spark, flame and dangerous gas detection [151] and biomedical applications [152].
In this chapter we will look at some novel applications of GPMs, as well as some reflection and
absorbance measurements from different materials.
6.2 NLOS communications
6.2.1 Introduction
UV communication was first proposed by Harvey et al. [153] and has had noticeable attention
over the past decade. Current research into this field, focuses mostly on improving the range
and data rate of NLOS UV communication. Sun et al. [154] have achieved a data rate of almost
1Mbps at a distance of 150m using a UV LED array of 50mW luminous power at 266nm and
Wang et al. [155] showed that it is possible to extend the transmission range to over 1km. Also
the possibility of under-water NLOS communication has been investigated by Sun et al. [156]
at slighter longer wavelengths ( 375nm).
Many benefits exist of using UVC light for NLOS communications: more effective scattering in
the atmosphere than visible or infra-red meaning accurate positioning of emitter and receiver is
not required and very low levels of background, due to ozone absorption of UVC in the strato-
sphere.
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NLOS is also of interest for military applications, due to its inherent secrecy, as UVC attenuates
quickly over large distances due to its relatively high levels of molecular absorption even at low
altitudes [157].
The characteristics of UV propagation through atmosphere leads naturally to a wide field of view
(FOV) solar-blind receiver, as the maximum amount of light can be received without the usual
penalty of an increase in the overall background level. This is where a ThGEM-based GPM
device could potentially be very useful due to its properties such as: cost-effective large areas,
large acceptance angle coupled with high gain, stability and capability of being solar-blind via
proper coating of a photocathode.
Currently detectors such as multiple photomultiplier tubes are used as receivers as in the case of
Wang et al. [155], although PMTs have very high gain they are expensive when covering large
areas as multiple PMTs are needed.
6.2.2 Experimental Results
The largest signal achieved for our ThGEMs was for a Cu photocathode polished with Brasso,
ThGEM with 0.6mm hole diameter, 0.1mm etched rim and 0.8mm multiplication gap. This
ThGEM gave a total photocurrent of 763± 4pA at 0.9kV bias under illumination of deuterium
lamp at a distance of 95mm.
Using the spectral irradiance for the deuterium lamp from section 2.5, we calculate the photon
flux at 95mm to be (2.08±0.01)×1014 photons/s. Therefore the normalised response at this HV
bias is 3.7±1.2×10−12pA/photon/s. The average noise of the measurements after being filtered
using a lowpass filter is about 0.2pA. Therefore the minimum incident photon flux needed for a
signal to noise ratio of > 1 is (5.4±1.3)×1010 photon/s.
Using a simple inverse square law, at 1km distance as done in Wang et al. [155] the deuterium
lamp would have a photon flux of 2.23±0.01E10photons/s/m2 meaning a detector of active sur-
face area of 2.4± 0.6m2 would be required to get a measurable signal with direct line of sight.
This is obviously a large detector area especially as the actual signal would be lower as it would
not be in line of sight. However, by using a more powerful light source or cascading ThGEMs it
should be possible to achieve much higher signals.
Chen et al. [158] developed a path loss model built on extensive field test results up to a distance
between transmitter and receiver of 100m. It was found that the power loss (Pt/Pr) was propor-
tional to rα where alpha is a function of the apex angle, approaching unity for transmitter and
receiver apex angles of 90◦ and for apex angles at 30◦ or 45◦ gave α in the range of 1.4 to 1.7.
Figure 6.1a & 6.1b show the response of a standard polished Cu ThGEM as a function of detec-
tor angle with respect to the normal incident to the UV light source for a distance of 90mm and
220mm respectively. Figure 6.1a shows almost linear decrease in signal with increasing detector
angle in degrees from the light source normal.
Table 6.1 shows the calculated α where S90mm× (90mm/220mm)α = S220mm. From this graph
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(a) (b)
Figure 6.1: Photocurrent measurements under illumination under deuterium lamp as a function
of angle for at a distance a)90mm and b)220mm. ThGEM used was the standard 1mm diameter
hole, Brasso polished ThGEM operated at a bias of 1.5kV for both distances
it can be seen that for a receiver angle of 50 to 60 degrees with respect to the optical axis and the
transmitter angle the reduction in signal is less than if it was directly emitted, also at 72 degrees
the signal is a lot lower probably due to the fact that the transmitter solid angle and receiver
solid angle no longer intersect, however the fact there is still some signal shows that there must
be some scattering in the air despite both the low power of the UV light source and the small
distances used.
Reciever angle (degrees) α Error
0 2.27 0.14
52 1.66 0.11
59 1.71 0.16
72 3 0.3
Table 6.1: Calculation of the extinction power law as function of receiver angle
We have not changed the transmitter angle to see how this effects the signal. Also due to it
facing along the optical axis, some of the emitted cone will connect with the ground after some
distance and therefore it would be better to repeat measurements for a larger transmitter angle.
The deuterium lamp that we use in the lab does not have enough power to measure the scattering
in the atmosphere. So although there is a proof of concept we have not investigated its proper
capability as a detector for NLOS communication. We either need a more powerful UV light
source or increase the gain from our detector to further investigate the capability of GPMs as a
possible detector for NLOS communication devices.
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6.3 Water Monitoring
6.3.1 Introduction
Chemical measurements have historically been the popular way for water contamination moni-
toring. The laboratory standard is the dichromate method where the amount of oxygen needed
for oxidation of all organic substances in water, known as the chemical oxygen demand (COD),
is determined using the digestion of chromic acid of organic matter. However this method needed
2 hours for oxidation and used hazardous chemicals making it unsuitable for in-line water con-
tamination measurements [159].
UV spectroscopic measurements are of particular interest in real-time monitoring of contamina-
tions or pollutants in water and both florescence and absorption techniques have been used to
detect organic matter and other contaminants in a variety of different water conditions [12, 160].
Due to the fact that many hydrocarbons absorb strongly in the UV, the high optical transparency
of UVC in water and lack of contamination of any chemical reagents, there has been a substan-
tial shift to these optical devices for in-line water monitoring.
In particular benzene rings have a large absorption cross section at about 253nm ( 2.19E-18cm2)
[161]. Historically UV absorbance at 253.7nm has been used to evaluate the total organic car-
bon (TOC) content in water, due to it corresponding to the sharp spectral line of low-pressure
mercury lamps, strong absorption from hydrocarbons and lack of absorption from other soluble
products such as inorganic salts.
Optical methods have also been used to detect the different types of chemicals present as well
as the total organic carbon (TOC) content. For example, Vogt et al. [162] developed a UV
spectroscopic method able of distinguishing between five different benzene derivatives. Ac-
curate concentrations of species in mixtures of various chemicals was achieved by Ultraviolet
Dynamic Derivative Spectroscopy (DDS) that generates optically an approximation of the first
and second derivative of the transmission spectra with respect to wavelength. These derivatives
are used for evaluation in order to enhance spectral features. To generate the derivatives of the
absorbance with respect to wavelength, the emitted wavelength selected by a monochromater is
varied sinusoidally.
In this section we investigate the amount of absorption at different wavelengths for a selection of
water solutions with various contaminants to investigate the ability of ThGEMs as the detector
element in a water monitoring device.
6.3.2 Experimental Setup
The standard ThGEM housing as described in section 2.4 is used to house the ThGEM detector
element and a metal cuvette holder is fitted onto the front of the chamber as shown in figure
6.2a and 6.2b. This cuvette holder has a cut out in the shape of the quartz cuvettes used so they
can slot in and the cuvette holder simply slots over the top of the front section of the ThGEM
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chamber. This means the UV light will pass through the cuvette before illuminating the detector
surface. The absorption can then be measured via comparison to the light that passes through
the empty cuvette.
(a) (b)
Figure 6.2: Photo of ThGEM chamber and cuvette holder, a) side view b) front view.
6.3.3 Results
Table 6.2 shows the absorption of different water samples taken from lakes across the campus at
University of Warwick and distilled water as a reference, under illumination from the deuterium
lamp. Table 6.3 shows the absorption for these samples under illumination from the 250nm
LED.
The lake sample #2 was much dirtier with visible sediment in the sample retrieved, this is shown
Sample Absorption (%) Error (%)
Lake Sample #1 36.5 0.4
Lake Sample #2 86.9 0.4
Table 6.2: UV absorption measured for different water samples under illumination of deuterium
lamp
Sample Absorption (%) Error (%)
Lake Sample #1 33.9 0.5
Lake Sample #2 80.8 1
Table 6.3: UV absorption measured for different water samples under illumination of 250nm
LED
in its marked improvement in UV absorption. Whilst this method does not tell us exactly chem-
icals are present in the samples, it does give an indication of the general contamination levels.
As the absorption is about the same for the two different UV light sources it suggests a wide
absorption spectrum for the two water samples, peaking at lower wavelengths than 250nm. This
can be from contribution of several peaks as there will be a mixture of different contaminants.
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We will now look into the absorbance of single chemicals often found in water sources. The first
chemical that we will investigate is Potassium Hydrogen Phtalate or KHP. KHP is used in large
quantities in industry and large quantities of organic waste containing KHP is also generated
[163].
The next chemical we will measure the absorption of is the pesticide clothiandin. Currently thi-
amethoxam and its breakdown product clothiandin dominate usage in North America cropping
systems [164]. Whilst posing only a low risk to vertebrates if disposal instructions are followed,
it is still shown to have high invertebrate mortality rate with high concentrations. Therefore it is
important to be able to measure the contamination levels in waste water [165].
Finally the last chemical that we have investigated is an amino acid called tryptophan. Al-
though tryptophan is present in most protein-based foods or dietary proteins the RDA is 5mg/kg
for adults 19 years and over [166], as excess amounts of tryptophan can be toxic [167, 168].
Tryptophan-like fluorescence has also been used to measure the dissolved organic matter (DOM)
content as micro-organisms have been shown to fluoresce at the same wavelength ( 280nm) as
tryptophan [169, 170].
Figure 6.3a, 6.3b and 6.3c shows the chemical structure of KHP, clothiandin and tryptophan
respectively. As each of these chemicals have benzene rings/derivatives it is expected that there
will be a strong absorbance at around 250nm.
Figure 6.4 shows the absorption of a solution of KHP with varying concentration under illumi-
(a)
(b)
(c)
Figure 6.3: Chemical structure of a) KHP, b) clothiandin and c) tryptophan
nation under deuterium lamp and LED250J. From this figure it can be seen that KHP strongly
absorbs in the UV and can be easily detected at concentrations as low as 5mg/L for both light
sources although there appears to be more absorption for the deuterium lamp.
Figure 6.5 shows the absorption of solutions of varying concentrations of clothiandin in distilled
water under illumination under 250J LED. First to note is that clothiandin appears to absorb
more strongly at 250nm than KHP measured previously. Also from the figure it can be seen
that concentrations as small as 0.1mg/L can be measurably detected, however in actual water
samples the concentration of clothiandin is often a lot lower than this so an increased gain on
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the detector would be needed [165].
Figure 6.6 shows the absorption of tryptophan solutions in distilled water under illumination of
250J LED. It can be seen that solutions of concentrations as small 1mg/L can be measurably
detected.
All three of these contaminants have been proven to be measurable even down to small con-
centrations using UV transmission, this can further be improved with an increase to the gain or
intensity of light source. Whilst using this method it would be impossible to distinguish between
these 3 chemicals in a mixture, there exists possible ways of doing so using UV transmission
such as DDS mentioned in the introduction of this section.
Figure 6.4: Absorption as function of concentration of KHP under illumination of deuterium
lamp
6.4 Landing Assistance in Adverse Weather Conditions
6.4.1 Introduction
Another promising application of ThGEM-based GPM devices is in helping aircrafts land under
bad visibility conditions. Currently only a certain number of runways are able to operate under
CATIII weather conditions (< 700ft visibility) and these runways are costly to operate and to
install [171].
When landing under poor visibility conditions a pilot uses a precision landing system until a
certain height called the decision height, here he must visually acquire the runway environment
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Figure 6.5: Absorption of different concentrations of clothiandin in distilled water solution under
illumination of 250J LED
Figure 6.6: Absorption of Tryptophan in distilled water solutions with varying concentrations
under illumination of 250J LED
[171]. Airport lights aid in defining the runway edge but under poor visibility conditions, very
intense lights must be used which causes the high operation costs.
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In the atmosphere shorter visibility weather is often defined as visibility less than 1km with the
range of visibility between 1km and 500m called haze and visibility less than 500mm called fog.
Haze consists of fine dust or small droplets suspended in air, where fog is when water droplets
of a few microns up to a few tens of microns forms over the haze particles [172].
In 2001 Norris [171] outlined how UV technologies may be used to help with landing assistance.
In the paper he introduces a optical sensor called “FogEye”, which operates in the solar-blind
part of the UV spectrum, using photomultiplier tubes to amplify the signal.They also proved its
capability to see UV emitting runway lights at distances exceeding 2800 feet during 700 feet
visibility conditions.
In this section we investigate the absorption of our UV light sources through foggy conditions
and compare this to the absorption using an IR LED and photodiode system. To create the fog
in the lab we use liquid nitrogen and by blowing air into the container of liquid nitrogen we can
create something simulating atmospheric fog as shown in figure 6.7.
Figure 6.7: Experimental setup for fog absorption measurements. Left shows the detector and
right the LED housing.
6.4.2 Experimental Results
Figure 6.8 shows example traces of absorption through fog for the IR and UV light sources. The
260nm LED was used for the UV LED source and a 950nm LED was used as the IR light source.
The ThGEM was operated at reasonably low gains, which is the reason for the large noise in the
trace. However due to the much lower reduction for UV it can be seen how useful UV light and
detector system could be over IR or visible light systems. On average the IR LED is shown to
have about a (75± 2)% decrease in signal after exposed to ’fog’ with the largest absorption of
80% of the original signal. Whereas for the 265nm LED and normal copper ThGEM, the mean
absorption was much lower at (27±1)%. Therefore it can immediately be seen that the UV part
of the optical spectrum would be superior for any optical sensing in foggy conditions.
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Figure 6.8: Normalised Response of UV and IR LEDs after exposure to fog
6.5 Reflection Measurements
6.5.1 Introduction
UV reflection measurements have not been investigated thoroughly due to the lack of experi-
mental use of UV light for applications using reflection. However with the increase of cheap,
high energy UVC LEDs the possibility of applications using UV reflection has increased. In
particular UV reflection systems could be useful in vehicles for collision avoidance (for both au-
tomobiles [173, 174] and airplanes [175]), road monitoring [176] and/or sensors in self-driving
cars.
In this section we will outline the reflection of various materials under different wavelengths of
UV. We will also investigate reflection in terms of potentially being used in automotive sensors.
A collision avoidance sensor could consist of a forward facing sensor element made from GPMs
and a periodically pulsed UV light source. Reflections from the car in front or other reflective
surfaces and the delay in measurement can give a direct measurement of how far away they are
and the speed at which they are travelling. Also complete blocking of the light may warn the
driver of potential risks such as pedestrians. Similar to the Light Detection and Ranging (Li-
DAR) systems already used, which use pulses of infra-red lasers to map the local enviroment
and directly measure distance and velocities of objects [177].
Perhaps a more simple sensor to use on a vehicle would be a reflection off the road surface
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which could be used to warn the driver of icy conditions or other hazards in the road (such as
potholes and debris in the road). Also another use of UV reflection off the road surface could
be in ensuring the car stays within a lane, via use of reflective strips or paint in the road, which
could be very useful for self-driving cars. UV sensors have also been suggested for residual salt
monitoring of road surfaces for applications in winter maintenance. [176]
Near-Infrared detection of the presence of water is well understood from the absorption of water
at these wavelengths [178], however there is an interest in being able to distinguish water from
other forms such as ice and snow. UV reflection measurements coupled with the current infrared
detectors could allow the ability for real-time remote sensing of road conditions with the ability
to distinguish between water, ice and snow.
6.5.2 Results
Coloured Paper
Figure 6.9 shows the reflectivity of different coloured paper under the illumination from the deu-
terium lamp for 2 different runs with different biases. A plain Cu GGEM was used to measure
the reflectivity from the samples. The signal shown is the percentage increase from the reflec-
tivity from black foam which was measured before and after each sample. This can be a control
and removes problems from an increase or decrease in gain over time.
Figure 6.9: UV reflection from different coloured papers under illumination from deuterium
lamp
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Despite the large spread in the data from one bias to the other, in both runs the purple and pale
green card gives the highest and second highest response. The shiny white card gave less signal
than the white card for both runs, whilst the pink card was higher for low bias but smaller for
high bias run. For both runs the yellow card gave the lowest signal. This suggests that more
brightly coloured surfaces will reflect more UV light.
Ice on Tarmac
To investigate the potential usefulness of ThGEMs as a road monitoring detector, we compared
reflection measurements of both tarmac and ice. To create the ice on the tarmac liquid nitrogen
was used to rapidly cool water poured onto the surface of tarmac.
An example measurement of reflection off both tarmac and ice is shown in figure 6.10. Here
it can be seen that the reflectivity of the ice is about 6 times greater than that of tarmac, the
light source used for these measurements was the pond lamp with peak wavelength emission at
253.7nm. An example measurement of reflection off both tarmac and ice is shown in figure 6.10.
Here it can be seen that the reflectivity of the ice is about 6 times greater than that of tarmac, the
light source used for these measurements was the pond lamp with peak wavelength emission at
253.7nm.
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Figure 6.10: Reflection off tarmac and then ice for a ThGEM with Mg photocathode under a
bias of kV and illumination using the 11W pond lamp.
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6.6 Conclusions
Several applications of THGEM-based UV GPMs have been investigated with some promising
results.
To investigate the functionality of GPMs as a possible receiver for a NLOS communication sys-
tem we have investigated the signal as a function of distance and receiver angle to the optical
axis and the transmitter. It was found that the power of the experimentally determined extinction
law is lower for 50 to 60 degrees than compared to direct line of sight. It was also found that at
higher angles ( 70◦) the signal suffers an extra drop most likely due to the fact that the emission
solid angle no longer directly enters the window of the detector, however the fact that some sig-
nal is still present is a strong indicator of scattering in the atmosphere despite the low power UV
light source and small distances used in our experiments.
Unfortunately our limitation of UV light sources in laboratory have limited our testing of scat-
tering in the atmosphere and subsequently the effectiveness of the GPMs as a detector for a
NLOS communication system. Also it was found that large detector areas would be needed to
receive measurable signals even with direct line of sight. Therefore the gain of the detectors
would first need to be improved. The most simple way of achieving this would to be operate at
lower pressures or to cascade several ThGEM elements.
The GPM devices also showed that they can work as water monitoring sensors due to the strong
absorption at UV ranges of hydrocarbon compounds such as benzene. Common water con-
taminants such as KHP, clothiandine and tryptophan were investigated and concentrations were
detected at 5mg/L for KHP, 0.1mg/L for Clothiandin and 1mg/L for tryptophan. However for
trace contamination in water supplies often resolutions of µg/L is needed. As in the case of
the NLOS communication by improving the gain on the ThGEM system we could improve the
sensitivity of these detectors.
Although species determination in a mixture is not possible with the measurements done in this
thesis due to overlapping and broad absorption peaks of various chemicals, it can be taken fur-
ther by analysing the derivatives from varying wavelengths using DDS [162] as discussed.
We have also investigated the transmission of UV through fog and its possible application to
guiding aircraft through landing procedure under poor visibility conditions. It was found that
with the ’artificial fog’ produced in the lab that 260nm showed much less attenuation than
950nm, with on average only a 27± 1% reduction in signal compared to a 75± 2% reduc-
tion in signal.
Finally we investigated the reflectivity of different materials, including coloured paper which
showed that the purple colour seemed to reflect the most UV. Whereas, other bright colours and
shiny paper (reflective in the visible) showed no improvement in reflectivity in the UV. We also
investigated the difference in reflectivity of ice formed on tarmac, in the view of a road monitor-
ing sensor on vehicles. Although small, there is a increase in reflectivity when comparing ice to
tarmac. Therefore it should be possible to use a ThGEM-based GPM device to monitor a road
surface and relay if there are icy conditions on the road.
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Chapter 7
Conclusions and Future Work
7.1 Conclusions
In chapter 3 the photocurrent from both ThGEMs and the novel design, GGEMs were investi-
gated over long time periods. It was found for both designs that there was long term rising in the
signal over a period of hours to days. The timescales and size of rising appeared to vary from
sample to sample suggesting that it depends on local variations in either the environment or the
detector element itself.
The fact that GGEMs still exhibit this rising behaviour when they have no dielectric between the
holes and therefore no etched rims, appears to contradict the assumption from Pitt et al. [64] that
the long term rising effect was due to an accumulation of charge on the top rim. It is possible,
however, that the dielectric in the table used to hold the device in place (PEEK in the case of the
GGEMs) could be charging up in the place of the etched rims.
However it did appear that the size of the etched rims changed the rising behaviour of the
ThGEMs with 0.1mm etched rims showing the most rising behaviour and bigger or smaller
rims resulted in a rising behaviour very similar to that of the GGEMs.
Another possible contributor to the change in signal over time are residual contamination in the
gas or outgassing of components under HV. Flushing the chamber through a period of 24 hours
and baking the chamber to remove residual contamination from the chamber made no notice-
able difference and therefore it was assumed that this had little or no effect on the rising signal.
Outgassing of components was measured using a mass spectrometer, but the results were incon-
clusive, however no noticeable change the mass spectrum was noted over time from outgassing
components.
It was found that Brasso polished copper ThGEMs had a much higher increase in signal under
illumination than solvent cleaned copper despite having a similar or only slightly smaller work
function. In chapter 5 the RQE was measured using the TEAS laser and it was found that the
RQE was much higher at lower wavelengths (< 245nm).
Using XPS it was discovered that polishing the copper surface removed the CuO/Cu(OH)2 from
the surface leaving behind a strong metallic component. This could be the reason for the change
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in signal but CuO must have a similar work function to the metallic copper.
It was also found that cleaning the copper in a solution of Micro-90 and distilled water signifi-
cantly reduced the work function to about 4eV. From the XPS data it was found that there was a
extra peak associated to Na present, this was believed to come from the Micro-90 cleaning solu-
tion as it contains 10 to 25% of ethylene diamine tetraacetic acid tetrasodium (EDTA-Na4). The
Na could act as a surface dipole causing the work function to drop. The effect of alkali metals
reducing the work function of thin metal oxide layers and transition metals has been found in
literature [128, 127]
ThGEMs cleaned in M90 solution were found to have worse photocurrent under illumination
than samples that are solvent cleaned or polished despite having a lower work function.
As well as the investigation of the behaviour of ThGEMs with the standard copper from the
PCB being used as a photocathode. ZnO and MgO films were deposited and characterised us-
ing XPS and KP measurements for chemical determination and work function measurements
respectively.
In chapter 4 MgO was found to have a mean work function of 3.64± 0.04eV when oxidised
under vacuum conditions but a much higher work function of 4.15± 0.17eV when oxidised in
air. The work function of 3.64eV is similar to values of work function found in literature such
as 3.66eV from Michaelson et al. [131] however the value of 4.15eV is quite a bit higher than
found in literature, approaching the values of WF for zinc instead.
From the XPS data it can be seen that the sample oxidised in vacuum had a much larger Mg(OH)2
component and the sample oxidised in ambient conditions had a larger MgCO3 component.
The work function of MgO films were also found to decrease over time when left in ambient.
XPS of samples of MgO films left in ambient conditions showed that there was a larger metallic
component in the Mg2p region suggesting that the oxide layer is somehow removed over time,
this could be from an unstable surface or abrasive contact when moving around samples. As
well as this however they showed an increase in the MgO component in the O1s region, which
could explain the decrease in work function over time.
In chapter 5, MgO films were also shown to have a large spread in the relative quantum effi-
ciency (RQE) under illumination, with high work function films of 4eV and above giving worse
signal than even solvent cleaned copper but some MgO films with much lower work function
giving almost twice the RQE at 210nm. This suggests that the QY of metallic Mg is quite high
but samples with a large MgCO3 component have poor QY.
In chapter 4, the mean work function of ZnO oxidised in vacuum was measured to be 4.11±
0.11eV which is quite similar to the annealed surface measurement from Gutmann et al. [107].
Whereas the ZnO oxidised in ambient where found to have slightly higher work function of
4.35±0.12eV, which was more similar to the freshly cleaved single crystals of ZnO from Moor-
man et al. [136] and samples deposited electrochemically were found to have work function of
4.4±0.2eV on average.
From the LMM spectra ZnO films oxidised in vacuum were found to have a larger metallic
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and ZnO component and ambient oxidised and electrochemically deposited samples main peak
matched almost perfectly with the LMM peak for hydrozincite (Zn5(CO3)2(OH)6) from Dake et
al. [139].
This suggests that the higher WF from ambient samples and electrochemically deposited ZnO
films comes from a higher concentration of Zn(OH)2 and ZnCO3, possibly in the state of hy-
drozincite. This was further evidenced in the O 1s region where samples left in ambient showed
mainly Zn(OH)2 component and electrochemically deposited films showed almost no ZnO and
more ZnCO3.
In chapter 5 we investigated the photocurrent under illumination of a variety of ZnO films.
Again as in the case of magnesium there appears to be a weak dependency on the work function
measured and the photocurrent measured with samples with lower work function giving greater
photocurrent under illumination.
The RQE values for ZnO have a wide range from 4.5E-7 to 3.5E-6 electrons per incident photon
for a 1.2kV bias, which gives it very similar values to that for MgO films. But for the same WF
ZnO appears to have a higher RQE, which matches with the TEAS data which showed much
higher response for ZnO film. Also electrochemically deposited films appear to have the highest
RQE despite having higher WF than the PVD samples.
We attempted to measure the QY directly emitted from the photocathode surface using a mesh
at +ve bias a short distance away from the sample surface, however it was noted that large values
of photocurrent were measured and at a certain bias there was an exponential rise in signal sug-
gesting that some multiplication around the wires of the mesh was occurring, limiting the ability
to accurate measurements of QY.
Work function reduction was achieved by coating our photocathodes with ultra-thin layer of PEI
using the spin coater. It was found that on copper surfaces lower speeds resulted in a larger ∆WF
but at very low speeds some uniformity issues arose so a spin speed of 2000rpm was used. It
was found that the WF degraded to the initial WF over a period of a month and suffered a big
drop over a day of being left in ambient conditions. This somewhats limits its use in gaseous
detectors as it does not have long term stability.
PEI was also coated on MgO and ZnO films, it was found that the change in WF appeared to
be dependent on the initial WF with ZnO films having lower work function beforehand showing
little to no change after being coated in PEI and magnesium showing an increase in work func-
tion.
In Chapter 6 we investigated the potential usefulness of ThGEM-based GPMs in a variety of
experimental applications, one of these applications was NLOS communication. It was found,
using a simple 1/r2 power extinction law that to achieve measurable signals at long distances
( 1km) for a LOS system a detector area of 2.4± 0.6m2 would be needed and therefore even
larger detector area would be needed for a NLOS system. However it should be possible to
reduce this number by either cascading ThGEMs to approve the overall multiplication of the
detectors or by using a more powerful UV light source.
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The signal was also measured as a function of detector angle with respect to the optical axis and
transmitter. It was found that the power of the extinction law was around 1.7 between 50 and 60
degrees and at higher angles ( 70◦) the power goes up to about 3. This is most likely because
at 70 the emission solid angle no longer directly enters the detector window and we are relying
purely on scattering in the atmosphere.
Successful water absorption measurements for 3 different chemicals (KHP, clothiandin and tryp-
tophan) was achieved with sensitivities of 5mg/L for KHP, 0.5mg/L for clothiandin and 2.5mg/L
for tryptophan. However the quantities that would need to be measured would be more on the
order of µg/L, therefore as in the case of NLOS communication an increase in the detectors gain
is needed before it can be implemented into a water monitoring device.
Another possible application investigated was guiding airplanes towards runways under poor vis-
ibility conditions. Using liquid nitrogen we simulated foggy conditions in the lab and compared
the absorption of 260nm LED using our ThGEM detector and a 950nm LED using a photodi-
ode. It was found on average that the absorption of the 260nm LED was 27± 1% whereas the
absorption from the 950nm LED was found to be much higher at 75±2%.
7.2 Future Work
By removing the table support to the GGEMs and removing any dielectric in contact with HV
bias, we can investigate the contribution of the charging of the dielectric to the rising in signal
over time. If the long term rising is still present after the removal of all the dielectric in contact
with the electrode it would mean that the rising in signal must be from the gaseous properties
instead.
Further investigation of the gas mixture during operation as a GPM using the mass spectrometer
could also help determine the dominant contribution to the rising signal.
XPS measurements of the same sample with increasing exposure to ambient conditions (such
as O2 and H2O) could give us more accurate representation of how the change in the surfaces
chemical structure effects the work function and QY of our photocathodes grown.
By better control of the two fluxes from Mg and Zn effusion cells, it should be possible to grow
MgZn alloys which have WF somewhere between MgO and ZnO i.e. 4eV which can be solar
blind but still hopefully give a high QY under illumination of UVC light.
Recalibration of the light sources is needed to determine accurate photon flux at the surface
during photocurrent measurements. Especially for the deuterium lamp as the RQE calculated
is lower than expected from the other light sources. A powermeter capable of going to lower
wavelengths is needed to measured the power and spectrum from the deuterium lamp.
To remove the problems of gain from the wire mesh used to collect the photocurrent, future QY
measurements would need to be done in vacuum conditions so that there is no electron avalanche
effecting the results of QY.
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Although initial measurements suggest that it should be possible to use ThGEM-based GPMs
as the detector element in a NLOS communication system. To investigate further either a larger
gain is required (i.e. by cascading ThGEM elements) or a more powerful UV light source is
required. It would also be useful to look into the extinction law as function of both transmitter
and receiver angle rather than just reciever angle.
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